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Molecular Pathogenesis of Genetic and Inberited Diseases
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Pseudoxanthoma elasticam (PXE), a pleiotropic herita-
ble disorder, is characterized by ectopic mineralization
of the connective tissues. This disease is caused by mu-
tations in the ABCC6 gene, which is expressed primarily
in the baso-lateral surface of hepatocytes, and Abcc6 ™/~
mice develop progressive mineralization mimicking hu-
man PXE. To investigate the hypothesis that PXE is a
metabolic disorder, potentially caused by the absence of
antimineralization factor(s) in circulation, we used
parabiotic pairing, ie, surgical joining of two mice, to
create a shared circulation between various Abcc6 geno-
typic mice. To prevent immune reaction between the
parabiotic animals, all mice were bred to be Ragl ~’~.
Shared circulation between the parabiotic animals was
confirmed by Evans blue dye injection and by quantita-
tive PCR of blood cell genotypes. Pairing of Abcc6™/~
mice with their wild-type counterparts halted the con-
nective tissue mineralization in the knockout mice. Ho-
mogenetic wild-type and heterozygous pairings serv-
ing as controls were phenotypically unaffected by
parabiosis. Consequently, the observations on the
parabiotic mice support the notion that PXE is a
metabolic disease, potentially due to absence of
systemic antimineralization factor(s). These obser-
vations suggest that reintroduction of the critical
antimineralization factors into circulation could
provide a potential treatment for this, currently
intractable, disease. (Am J Patbol 2010, 176:1855-1862;
DOI: 10.2353/ajpath.2010.090983)

Pseudoxanthoma elasticum (PXE) is a multisystem heri-
table disorder characterized by ectopic mineralization of
peripheral connective tissues, with cardinal clinical man-
ifestations in the skin, the eyes, and the cardiovascular
system."? PXE is inherited in an autosomal recessive
manner but is rarely present at birth, the average age of
onset being in early teens. The complications of the dis-
ease include progressive loss of visual acuity, leading
occasionally to central blindness, and cardiovascular
manifestations presenting with intermittent claudication,
bleeding from the gastric arteries, and occasionally, early
myocardial infarcts. The clinical manifestations of PXE
are a consequence of the slow, yet progressive, miner-
alization process affecting the elastic structures in the
affected tissues. There is no effective or specific treat-
ment for this disease at the present.’

PXE is caused by mutations in the ABCC6 gene, which
encodes the ABCC6 protein, a putative transmembrane
efflux transporter, and a member of the ATP binding
cassette (ABC) family of proteins.®> ABCC6 is expressed
at relatively high levels in the liver and the kidneys and to
a lower extent, if at all, in tissues affected clinically by
PXE.*~¢ Several theories have been advanced to explain
how mutations in a gene expressed primarily in the liver
can result in the mineralization of peripheral connective
tissues. One of them, the “metabolic hypothesis,” postu-
lates that as a result of nonfunctional ABCC6 pump in the
liver, factors physiologically required for prevention of the
ectopic mineralization under normal calcium/phosphate
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homeostatic conditions become deficient in the circula-
tion, allowing slow yet progressive mineralization of con-
nective tissue in the peripheral tissues to ensue.”® In
support of this hypothesis are recent identifications of a
number of antimineralization factors that are required in
appropriate balance with promineralization factors in the
circulation under homeostatic conditions. Thus, an imbal-
ance between the antimineralization/mineralization fac-
tors would allow the ectopic mineralization to proceed.
Such antimineralization factors include fetuin A, matrix
Gla protein, and osteopontin, and the antimineralization
properties of these factors have been documented by
development of the corresponding “knockout” (KO) mice,
which demonstrate extensive mineralization of soft con-
nective tissues.® " In addition to the “metabolic hypoth-
esis,” the “PXE cell hypothesis” postulates that local ab-
sence of ABCCB6 activity, even if normally at low levels, at
resident cells, such as dermal fibroblasts or vascular
smooth muscle cells, can result in changes in the mor-
phology, migration, and/or by biosynthetic profiles of the
cells, resulting in local mineralization.'®'® Finally, oxida-
tive stress has been suggested to play a role in progres-
sion of the mineralization in PXE."*15

To examine the “metabolic hypothesis” in the context
of PXE, we have developed an innovative animal model
system based on parabiotic pairing of Abcc6™/~ mice
with their wild-type Abcc6™* counterparts on immuno-
deficient (Rag?’~) background. The immunodeficient
Abcc6'~ mice demonstrate late onset (5 to 6 weeks) of
progressive mineralization in a number of connective
tissues, recapitulating the genetic, histopathological, and
ultrastructural features of PXE in humans, similar to pre-
viously developed Abcc6™/~ mice.’®"” The introduction
of parabiosis, ie, experimental juncture of two animals,
dates back to the 1860s'® and has been subsequently
used to address a number of physiological and pharma-
cological questions. More recently, this approach has
been used to assess the influence of the circulatory fac-
tors on muscle regeneration, transfer of bone phenotype
from mice with generalized lymphoproliferative disorder
to the wild-type mice, and the role of circulatory factors in
the wound healing in diabetic mice.'®2" Thus, this model
system is suitable to explore the effect of circulatory
factors in pathological situations, such as development of
ectopic mineralization in PXE.

We first developed immunodeficient Abcc6™/~, Abcc6™ ™,
and Abcc6™* mice, and these mice were then paired by
parabiotic surgery to develop a common circulatory sys-
tem, allowing plasma and blood cells to move between
the parabiotic partners. The immunodeficient back-
ground (Rag7 /") of these mice prevents immune reac-
tion between the parabiotic animals and allowed us to
test the role of circulatory factors in the development of
tissue mineralization up to several months of age of the
animals. Our results demonstrated that heterogenetic
pairing of Abcc6™/~ mice together with their wild-type
counterparts resulted in diminished progression of the
ectopic mineralization. This model system, therefore, al-
lows the study of the pathomechanism of PXE and pro-
vides a novel model system to explore treatment options
for this, currently intractable, disease.

Materials and Methods
Mice and Study Design

We generated an immuodeficient PXE mouse by cross-
breeding the traditional Abcc6~/~ mouse'” with a well-
established immunodeficient Rag?~/~ mouse?? in C57/
BL6 background (strain: 002216F; Jackson Labs, Bar
Harbor, ME). As an initial step of generating Abcc6-defi-
cient and Ragl-deficient double mutants, female
Abcc6~'~ mice (FO-PXE) were crossed with Rag? '~ male
(FO-RAG1) mutants. Heterozygous Abcc6™/~/Rag1*’/~
male and female mice (F1-D HET) were then taken to
generate the double mutants (Abcc6~'~/Rag1~'~-F2-D
KO). The mice were maintained under pathogen-free
conditions and were handled in accordance with the
guidelines for animal experiments by the Institutional An-
imal Care and Use Committee of Thomas Jefferson
University.

The experiments were initiated when the mice were 4
weeks of age. Three groups of mice were formed, all on
Rag1~'~ background: KO mouse (Abcc6~'~) was joined
in parabiosis with either the age-matched (a) wild-type
(Abcc6™), group KO+wild-type; (b) HET (Abcc6™™),
group KO+HET; or (c) another KO mouse (Abcc6™/7),
group KO+KO. Each group consisted of 4 to 10 pairs of
surgically joined animals. In addition, control groups
were established by joining two HET mice (group
HET+HET) and a wild-type with another wild-type mouse
(group wild-type+wild-type). The mice were sacrificed
by CO, asphyxiation 8 weeks after the surgery.

Parabiosis

Parabiotic surgery was performed in a laminar-flow hood
by using sterile procedures. General anesthesia was ac-
complished with isoflurane delivered by a precision vapor-
izer. Mice were surgically joined following the previously
published protocol.?® After shaving the corresponding lat-
eral sides of each mouse, matching skin incisions were
made from the elbow to the knee joint of each mouse. The
elbow and knee joints with muscles were attached by a
single 5-0 coated vicryl suture (Ethicon, Somerville, NJ),
and then the dorsal and ventral skin was approximated by
a discontinuous 5-0 vicryl suture.

To ensure the animals’ well-being, individual parabiotic
pairs were placed in clean cages with food pellets pro-
vided on the floor to minimize the strain of reaching for
food while adjusting to parabiotic existence. Also, the
mice were provided with cotton squares construct nests
to keep warm. After the suturing procedure, the mice
were monitored daily for 3 days for signs of pain and
distress according to Institutional Animal Care and Use
Committee guidelines. If the animals showed any sign of
pain or distress, such as shaking, lethargy, chewing of
tail and/or legs, arched back, and/or unkept grooming,
then they were administered an additional dose of 0.3
mg/ml of Buprenex at 0.4 mg to 0.6 mg per kilogram body
weight to alleviate the pain as needed. After the first week
postoperatively the animals were monitored weekly for
signs of pain and distress.



Genotyping

The tail tissues were harvested before surgery, the blood
samples were collected at different time points after sur-
gery, and single-cell primary hepatocyte suspensions
were obtained 8 weeks after surgery for genomic DNA
isolation. Genomic PCR of different tissues or quantitative
PCR of blood cell genotypes was performed with three
primers designed for amplification of the KO (320-bp),
wild-type (430-bp), or both alleles of Abcc6 in the same
reaction, as described previously.'”

Evans Blue Dye Assay

Established shared blood circulation was also deter-
mined by injecting Evans blue dye.?* Four hundred mi-
croliters of 0.5% Evans blue dye in Hanks’ Salt Solution
was injected into one counterpart through the tail vein.
Blood was collected by retro-orbital bleed at different
time points after injection. Choice of eye to be used was
alternated between consecutive bleeds. Parabiosis pa-
tency (functional cross-circulation) was determined by
separating serum from blood cells by centrifugation, di-
luting the sera (1:50), and determining the absorbance at
620 nm.

Histopathology

The organs or biopsies of muzzle skin were fixed in 10%
phosphate-buffered formalin, embedded in paraffin, sec-
tioned (5 um), and stained with H&E, Alizarin Red, or von
Kossa by using standard methods for histopathological
analyses.

Computerized Morphometric Quantitation
of Connective Tissue Mineralization by
Histopathology

Computerized morphometric analysis of H&E-stained
sections of muzzle skin was performed as described
elsewhere.’2% Briefly, two sections from each biopsy
were examined with a Nikon model TE2000 microscope
equipped with an AutoQuant Imaging system (Watervliet,
New York, NY). The number of vibrissae, both those with
evidence of mineralization and those without, is deter-
mined in 11 to 15 systemically selected fields, so that the
images capture every visible vibrissae in each section.
The degree of mineralization was expressed as pixels
(arbitrary units) per section and calculated as the per-
centage of area of mineralization per total area of
vibrissae.

Chemical Quantification of Calcium Deposition

Muzzle skin biopsies were obtained with 6-mm biopsy
punch and embedded in paraffin. Paraffin sections (10
um) from the center of the biopsies were deparaffinized
and decalcified with 0.6 N HCI for 2 weeks. The o-cresol-
phthalein complexone method was used to measure the
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calcium content in a colorimetric fashion (Calcium [CPC]
Liquicolor; Stanbio Laboratory, Boerne, TX). The com-
plete dissolving of calcium deposits was confirmed by
H&E staining after decalcification.

Cell Cultures and the Effect of Parabiotic
Abcc6 ™ Serum on the Process of
Calcification in Vitro

Human aortic smooth muscle cells (Cascade Biologics,
Portland, OR) were routinely cultured in Dulbecco’s mod-
ified Eagle’s medium normal growth medium. At ~80%
confluence, the cells were switched to calcification-in-
ducing medium (Dulbecco’s modified Eagle’s medium
supplemented with 2 mmol/L Pi) in the presence of 10%
mouse serum from different paired Abcc6 ™/~ mice for up
to 10 days. Meanwhile, three additional groups were set
up as controls by using the serum from nonparabiotic
Abcc6™'~, Abcc6% ™, or Abcc6™" mice. The medium
was changed every 3 days. The calcium content of the
cell layer was quantitated and normalized to cellular pro-
tein, as described previously.'®

Statistical Analysis

Results are given as mean = SE. The data were analyzed
by using the Kruskal-Wallis test followed by the Wilcoxon
Comparison test for the pairwise analyses.

Results

Development of Immunodeficient Abccé ™~ Mice

To develop a mouse model system for parabiotic exper-
imentation, we used previously developed Abcc6 /'~
mice, which recapitulate the genetic, histopathological,
and ultrastructural features of PXE."” To allow pairing of
these mice with HET (Abcc6™ ™) or wild-type mice, we
first developed immunodeficient knockout mice by cross-
ing the Abcc6™/~ mice with Rag7~’~ mice.?? Crossing of
Abce6'~ mice with Rag?~/~ mice resulted in Abcc6*~/
Rag1*~ double heterozygous mice (Figure 1A). Further
crossing of the heterozygotes led to development of
Abcc6 /" /Rag 17/~ (Figure 1A, lanes 7 and 8), as well as
Abcc6'~ on Rag?~/~ background. Thus, all mice used
for parabiosis were immunodeficient on Rag7~’~ back-
ground. The development of the double KO mice allowed
the surgical pairing of these mice without immune
reaction.

To ensure that the immune-deficient background of
the Abcc6~/~ mice did not interfere with the ectopic
mineralization, we first examined the immunodeficient
Abcc6~/~ mice regarding the mineralization of the con-
nective tissue capsules surrounding vibrissae, an early,
progressive biomarker of the overall mineralization pro-
cess in Abcc6 /'~ mice.'®"” Histopathological examina-
tion of muzzle skin containing the vibrissae revealed early
foci of mineralization at about 1 month of age and the
mineralization progressively increased up to 12 months
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Figure 1. A: Generation of an immunodeficient Abcc6~/~ mouse is shown.
Genotyping of Abcc6 '~ /Ragl™’~ mice: DNA was isolated from mouse tail.
Each mouse was examined by two separate PCR reactions with two sets of
primers designed for Abcc6 (lane 1, 3, 5, and 7) and Rag? (lane 2, 4, 6, and
8), respectively. In Abcc6 amplification, the 430-bp band represents the
wild-type allele, whereas the 320-bp PCR product is derived from amplifica-
tion of the knockout (Abcc6™'7) allele (arrows). For the Ragl gene, the
knockout allele (570-bp), wild-type allele (470-bp), or both alleles were
amplified in the PCR reaction (arrowheads). Note that F2 is null for both
Abcc6 (bottom arrow) and Ragl (top arrowhead) genes. H,O, blank
control lane containing no DNA; M, molecular weight markers. B: Genotype
of parabiotic mouse pairs is shown. Quantitative PCR for genotyping of the
Abcc6 gene was performed with blood samples collected at 4 weeks post-
operatively. The 430-bp and 320-bp bands represent the wild-type allele and
knockout allele, respectively. Within each pair of parabiotic mice, the left (L)
animal is always of KO genotype, whereas the right (R) animal is wild-type
for Abcc6 before surgical pairing. Note the progressive mixing of blood cells
at 4 weeks. Tail samples were harvested before surgery, and single-cell
hepatocyte suspensions were obtained 8 weeks after surgery.

of age (not shown). These observations are similar to
those previously made on Abcc6 '~ mice,'” indicating
that the immune deficiency on Rag7 '~ background does
not interfere with the mineralization process, and sug-
gesting that these mice can be used as a model of PXE.

Heterogenetic Pairing of Abccé ™~ Mice

The Abcc6~/~ mice were surgically joined either with an-
other Abcc6™/~ mouse, with heterozygous Abcc6™~ mice, or
with their corresponding wild-type littermate (Abcc6*'™) to
form KO+KO, KO+HET, and KO+wild-type pairs, respec-
tively. In addition, two Abcc6™/~ mice were joined to form
HET+HET pairs, and two wild-type mice, also on Rag? /'~
background, were joined to form wild-type+wild-type pairs,
to serve as controls to ensure that the surgical procedures
will not cause ectopic mineralization. The mice were ob-
served periodically as described in Materials and Methods.
No obvious signs of stress were noted during observations
after 3 weeks after surgery.

The formation of shared blood circulation between the
parabiotic animals was tested by injection of Evans blue
dye to the tail vein of one of the mice in parabiosis at 7
weeks postsurgically.?® The mice were first visually ob-
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Figure 2. Documentation of shared circulation between the parabiotic
animals by using Evans blue. A: Photographs of the mice were taken 5
minutes (A, left) and 24 hours (A, right) after the injection of Evans blue into
the tail vein of the parabiotic mouse on the left side at 7 weeks after surgery.
Photographs illustrate that Evans blue stained both mice at 24 hours after
injection. B: The serum concentrations of Evans blue in both mice in each
pair were measured at 620 nm by using spectrophotometry at 0, 0.5, 1, 24,
and 72 hours after injection. Evans blue dye appeared in the contralateral
mouse at 0.5 hours, and the concentrations in serum were equalized between
the injected and noninjected mice at 24 and 72 hours after injection, even
though the total amount of Evans blue in the circulation was reduced at that
time point as compared with earlier time points. The values are mean * SE,
n = 4. Statistical difference between the injected and noninjected mice was
noted at the time points of 0.5 and 1 hour (*P < 0.01, Wilcoxon test), but not
at the 0, 24, and 72 hours (** > 0.01, Wilcoxon test).

served for appearance of blue color on the glabrous skin
(Figure 2A). The injected mice turned immediately blue,
whereas the uninjected counterpart remained normal
pink colored at the 5-minute time point. However, exam-
ination of mice 24 hours after injection of Evans blue
revealed equal bluish color of both mice (Figure 2A, right
panel). The concentrations of Evans blue in circulation of
both mice in each pair were then spectrophotometrically
determined at 0, 0.5, 1, 24, and 72 hours after injection
(Figure 2B). Although the injected mouse (left) in all
cases had higher concentration of the Evans blue at 0.5
and 1 hour after injection, the relative concentration was
approximately equal in both mice at 24 and 72 hours
(Figure 2B). It should be noted that the total amount of
Evans blue in the mice was reduced from the peak at 0.5
hours, probably due to urinary and fecal excretion.

The shared circulation was also demonstrated by ex-
amination of the genomic DNA of blood cells in paired
mice at 1, 3, and 4 weeks after parabiotic surgery. Three
pairs of mice (Figure 1B, middle panel) revealed hetero-
genetic chimerism. Specifically, the left mouse (KO) in
each pair at 1 week showed primarily the Abcc6™/~
genotype, whereas the right pair showed predominantly
wild-type genotype (not shown). At 4 weeks of parabiosis,
the right mice (originally wild-type) showed the presence of
the mutant allele in their circulations (Figure 1B). The geno-
type in these three pairs of mice was further examined in
detail at 2 months after surgery. Genomic PCR of DNA
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Figure 3. The effect of parabiosis on aberrant
mineralization of the connective tissue capsule
of vibrissae. A: Two months after parabiotic sur-
gery, the muzzle skin was biopsied and the min-
eralization was examined by H&E (left), Alizarin
red (middle), and von Kossa (right) stains. The
connective tissue capsule of vibrissae from the
muzzle skin of KO mice paired with the wild-
type (WT) mice developed less mineralization
(the top panel, arrows) when compared with
the KO mice paired either with KO (the third
panel, arrows). Note that no mineralization
was observed in the vibrissae of wild-type para-
biotic mice in KO+wild-type pairing (bottom
panel of A). B: Content of calcium in the vibris-
sae of KO mice in the different parabiotic pairs
was determined by chemical assay. The calcium
content was determined colorimetrically by us-
ing o-cresolphthalein complexone method, and
the values are presented as mean = SE. The total
exact Pvalue for the Kruskal-Wallis Test is 0.001;
the exact P values for statistical comparison be-
tween KO mice in different groups are as fol-
lows: KO+wild-type versus KO+KO, 0.011;
KO+wild-type versus KO-+HET, 0.014; and
KO+HET versus KO+KO, 0.242. Wild-type or
HET in the pairs did not differ from the wild-
type in wild-type+wild-type pair (*P < 0.05;
P> 0.05).

KO+HET  HET+HET
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isolated from the tails of these mice before surgery con-
firmed that the left mice of each pair were KO mice, whereas
the right ones were wild-type (Figure 1B, upper panel). Also,
hepatocytes isolated from the liver of these mice, and ex-
amined in single cell suspension without contamination of
blood cells, revealed the original genotypes (Figure 1B,
bottom panel), suggesting that there was no transfer of
blood-derived stem cells to the liver from the contralateral
side that might have differentiated into hepatocytes. Collec-
tively, these observations revealed that parabiotic surgery
of Abcc6~/~ mice with their wild-type counterparts results in
shared circulation, with transfer of plasma components (as
reflected by Evans blue) and blood cells (as identified by
DNA phenotyping).

Parabiosis of Abcce ™~ Mice with Wild-Type
Counterparts Halts the Ectopic Mineralization

We subsequently examined the degree of mineraliza-
tion in KO mice paired with another Abcc6™/~ mouse
(KO+KO), with a HET mouse (KO+HET), or with a wild-
type mouse (KO+wild-type) by biopsying the muzzle skin
and other soft tissues. First, histopathological examina-
tion of the vibrissae in KO mice in KO+KO pair demon-
strated extensive mineralization, as visualized by H&E,
Alizarin Red, and von Kossa stains (Figure 3A). These
observations were similar to those in KO mice without
parabiosis at the comparable age. Examination of the KO
mice in KO+HET and KO+wild-type pairings revealed
noticeably less mineralization (Figure 3A, two upper pan-
els). At the same time, wild-type mice either in KO+wild-
type or wild-type+wild-type pairs showed no evidence of

HET

mineralization (Figure 3A, bottom panel). These histolog-
ical observations were quantitated by computerized mor-
phometric analysis of 4 to 10 mice in each group (Table
1). Statistical analyses (Kruskal-Wallis test) confirmed
that KO mice in KO+wild-type pairings had significantly
less mineralization in their vibrissae than KO mice in
KO+KO pairing (Table 1). Secondly, the degree of min-
eralization was also determined by quantitative assay of
the calcium content in biopsies of muzzle skin from the
same mice (Figure 3B). These assays demonstrated that
the pairing of KO mice with HET or wild-type mice
(KO+HET and KO+wild-type) significantly reduced the
mineral deposition. HET mice in KO+HET or in HET+HET
pairings showed similar levels of calcium as the wild-type
mice in the wild-type+wild-type pairs (Figure 3B). Collec-
tively, these observations indicate that pairing of KO mice
with wild-type mice, the surgery being performed at 1
month of age, markedly reduces the subsequent deposition
of calcium in the vibrissae of these mice. In addition, exam-
ination of other soft connective tissues revealed the pres-
ence of calcification in the eyes of KO mice in KO+KO
pairs, but such foci were not found in KO mice either in
KO+wild-type or KO+HET pairs (not shown).

In Vitro Evidence of Lack of Antimineralization
Factors in Serum of PXE Mice

To examine the direct effects of circulatory factors on the
mineralization process in the KO mice in parabiotic pair-
ings, we used an in vitro mineralization assay based on
monolayer cultures of human aortic smooth muscle
cells."®27 In this culture system, the cells are allowed to
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Table 1. Quantification of Mineralization of Vibrissae 2 Months After Parabiotic Surgery

Experimental group*

Mouse Parabiotic ~ Total vibrissae ~ Mineralized vibrissae Percent Area of mineralization
analyzed pairs per mouse’ (n) per mouse’ (n) mineralized per total area* (%) Fold® P

KO (n = 5) KO+WT 14.6 4.8 34.3 0.71 = 0.232 1.0
(0.58; 0.20-1.40)

KO (n =10) KO+KO 11.0 7.0 66.6 526 = 1.572 7.4 0.0077

(4.55; 1.19-11.25)

KO(n = 4) KO+HET 12.5 6.8 48.8 1.89 * 0.658 2.7 0.07!:0.06*
(1.74; 0.69-3.38)

WT (n = 5) KO+WT 14.8 0 0 0 NA

HET (n= 4) KO+HET 13.4 0 0 0 NA

WT, wild-type; NA, not applicable.

*Skin sections from KO mice at the age of 3 months, ie, 8 weeks after parabiotic surgery, were stained with H&E and examined for mineralization

by light microscopy, followed by quantitative computerized morphometric analysis.
n, number of vibrissae examined.
*Values presented as mean * SE, as well as median and range in parentheses.
SCalculated by using KO mice in KO+WT group as 1.0.
P value for KO comparison between KO+KO and KO+WT groups by using the Kruskal-Wallis test.
IP value for KO comparison between KO+HET and KO+WT groups by using the Kruskal-Wallis test.
**P value for KO comparison between KO+HET and KO+KO groups by using the Kruskal-Wallis test.

reach approximately 80% confluence, and the medium is
then supplemented with 2 mmol/L Pi in the presence of 10%
mouse serum, which results in precipitation of calcium
phosphate on the cell layer. Assay of the cell-layer associ-
ated calcium then serves as an indicator of the extent of the
mineralization process. As reported previously,'® addition
of 10% serum from Abcc6 '~ mice enhances the calcium
deposition process over wild-type mouse serum, and inter-
mediate values can be observed with serum from HET mice
(Figure 4, A and B). Incubation of cells in the presence of
10% serum from KO mice that had been kept in KO+KO
pairing for 10 days revealed high level of calcium precipi-

tates, whereas the values obtained with serum from KO
mice in KO+wild-type or KO+HET pairings were similar to
those noted with wild-type and HET mouse sera. These
experiments suggest that KO mice lack circulatory factors
that in wild-type mice prevent precipitation of calcium phos-
phate in this in vitro mineralization assay.

Discussion

The ABCC6 gene, which harbors mutations in PXE,"® a
multisystem ectopic mineralization disorder, is expressed

Figure 4. Effect of parabiotic Abcc6 ~/~ serum
on calcium deposition in human aortic smooth
muscle cell culture. A: Cells were cultured in Dul-
becco’s modified Eagle’s medium with 10% fetal
bovine serum, and after having reached ~80%
confluence, the cells were incubated in medium
supplemented with Pi (2 mmol/L) in the presence
of 10% mouse serum from Abcc6/~ mice paired
with either AbccG™ (KO+wild-type), AbccG™~
(KO+HET), or Abcc6 '~ (KO+KO) mice, for up
to 10 days. Three additional groups were set up as
controls by using the serum from nonparabiotic
Abcc6™F, Abcc6" ™, or Abee6 '~ mice. The me-
dium was changed every 3 days. At 10 days after
addition of mouse serum, mineral deposition was
assessed by phase-contrast light microscopy. Note
that more mineralization was apparent in the cul-

tures with the serum of Abcc6~/~ mice paired with
Abce6™'~ mice (KO+KO), in comparison with
KO+wild-type and KO+HET pairs. B: The cal-
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l cium content was quantitated by o-cresolphthalein
complexone method, normalized by cellular pro-
tein content, and presented as mean £ SE (7 = 3
or 4 cultures per group). The general P value for
the Kruskal-Wallis test is 0.044. Multiple compari-
sons demonstrated significant differences in the
cultures between KO+wild-type and KO+KO
(P = 0.05), in the cultures between KO+wild-type
and KO alone (P = 0.034), in the cultures between
wild-type (WT) and KO (P = 0.021), and in the
cultures between KO and HET (P = 0.043), as
shown in the graph (*P = 0.05).

Pairs: KO/KO+WT KO/KO+HET KO/KO+KO
Analyzed individuals: KO WT

HET KO



primarily in the liver and kidneys, and at a very low level,
if at all, in cells in the clinically affected tissues, such as
dermal fibroblasts and arterial smooth muscle cells.*~°
This situation has raised the question as to how, patho-
mechanistically, mutations in the gene expressed in the
liver and the kidneys can result in ectopic mineralization
of the peripheral soft connective tissues. The “metabolic
hypothesis” postulates that absent ABCC6 /™ activity in
the liver results in a deficiency or absence of critical
circulatory factors that are physiologically required for
prevention of aberrant mineralization under normal ho-
meostatic conditions.™”® In this study, we have com-
bined two technical advances to create a model system
to address the pathomechanisms of PXE. First, we devel-
oped a double mutant mouse, Abcc6 ™/~ /Rag1 /", which
allows pairing of immunodeficient PXE mice in parabio-
sis. The Rag?~'~ mice lack mature T- and B-cells, while
granulocytes and monocyte macrophages are intact, result-
ing in “non-leaky” severe combined immune deficiency.??
Next, we performed surgical parabiotic pairing of these
mice with homozygous, heterozygous, or wild-type Abcc6
mice, also on Rag?’~ background (KO+KO, KO+HET,
and KO+wild-type, respectively). No evidence of immune
reaction between the parabiotic mice was noted up to 2
months after surgery, and importantly, the immune deficient
background did not interfere with the ectopic mineralization
in Abcc6~'~ mice, as detected by the mineralization of the
vibrissae in the muzzle skin as an early, progressive biomar-
ker of the mineralization process.'® The latter observations
suggest that immunological factors may not play a signifi-
cant role in the development of mineralization in PXE, con-
sistent with histopathology of the mineralized lesions in pa-
tients with PXE, which demonstrate little, if any, evidence of
inflammation.?

Parabiotic pairing of mice was performed at 4 weeks of
age, at the time of weaning, and just before histologically
detectable mineralization in the vibrissae of the KO mice
takes place, ie, at or around 5 to 6 weeks of age.®"” Two
different approaches were used to confirm that blood
circulation between the parabiotic mice indeed had been
established. First, genotyping of blood cells from the
individual mice in pairs of KO and wild-type mice pro-
vided evidence of mixing of the circulation as early as 1
week after the surgical procedure. At 3 and 4 weeks,
there was progressive appearance of the mutated allele
of Abccé in the circulation of the wild-type mice and vice
versa. Shared circulation was also confirmed by Evans
blue injection into the tail vein of one of the mice, followed
by measurement of the dye concentrations in the serum
of the individual mice at approximately 7 weeks postop-
eratively. Evans blue appeared in the circulation of the
contralateral mouse as early as 30 minutes after injection,
and the Evans blue concentrations were equal in the
circulation of both mice at 24 hours. Evans blue is an azo
compound dye with a molecular mass of 960.81g Mol ™"
and has a very high affinity for serum albumin.?* Thus,
collectively, measurement of cellular genotypes and
Evans blue indicate that cells, such as monocyte macro-
phages (10 to 30 um in diameter), as well as albumin
(molecular mass of 68 kDa) readily cross to the contralat-
eral side of the paired mice. Thus, if deficiency of anti-
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mineralization factors in Abcc6™/~ mice would be the
cause of ectopic mineralization, as postulated by the
“metabolic hypothesis,” parabiotic pairing of KO+wild-
type mice would halt the mineralization in KO mice. Con-
versely, it would be expected that no mineralization in the
wild-type or HET mice paired with KO mice occurs.

Histopathological observations of the mineralization
process confirmed that KO mice, when paired with wild-
type mice, developed much less mineralization than the
KO mice in KO+KO pairs. In the latter mice, the miner-
alization was progressive, similar to Abcc6™/~ mice with-
out parabiosis. The lack of such antimineralization factors
has also been demonstrated in an in vitro mineralization
system by using human smooth muscle cells in culture.’®
In this system, the cells, after having reached ~80% con-
fluence, are transferred to a mineralization-inducing me-
dium containing 2 mmol/L Pi, and mineralization of the cell
layer can be quantitated by chemical assay of calcium.?” In
the presence of 10% serum from wild-type mice, significant
mineralization occurs, but if 10% KO mouse serum is used
instead, the mineralization is enhanced. Similarly, testing of
serum from KO mice that had been in parabiosis in KO+KO
pair demonstrated significantly enhanced mineralization, as
compared with serum from KO mice that were in parabiosis
with wild-type mice (KO-+wild-type). These observations,
indeed, support the notion that antimineralization factors
traveled in parabiosis from wild-type mice to KO mice.
Collectively, these observations provide new understanding
of the pathomechanisms leading to ectopic mineralization
in PXE.

The observations on PXE by using the parabiotic model
system may have relevance to understanding of the patho-
mechanisms of more common mineralization disorders,
such as arteriosclerosis, and similar mechanisms may be
operative in these systemic disorders as well. Although the
molecules being transported by ABCC6 from the liver to
the circulation in vivo are currently unknown, small mo-
lecular weight anionic molecules and glutathione conju-
gates, such as vitamin K derivatives, may serve as sub-
strates for ABCC6."282° Once the physiological substrates
for ABCC6 have been identified, our current results indicat-
ing the circulatory nature of the antimineralization factors in
PXE suggest that direct introduction of such molecules into
circulation may provide treatment and perhaps a cure for
this, currently intractable, disease.
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