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The suprachiasmatic nucleus of the brain is the circadian center,
relaying rhythmic environmental and behavioral information to
peripheral tissues to control circadian physiology. As such, central
clock dysfunction can alter systemic homeostasis to consequently
impair peripheral physiology in a manner that is secondary to
circadian malfunction. To determine the impact of circadian clock
function in organ transplantation and dissect the influence of
intrinsic tissue clocks versus extrinsic clocks, we implemented
a blood vessel grafting approach to surgically assemble a chimeric
mouse that was part wild-type (WT) and part circadian clock
mutant. Arterial isografts from donor WT mice that had been
anastamosed to common carotid arteries of recipient WT mice
(WT:WT) exhibited no pathology in this syngeneic transplant
strategy. Similarly, when WT grafts were anastamosed to mice
with disrupted circadian clocks, the structural features of the
WT grafts immersed in the milieu of circadian malfunction were
normal and absent of lesions, comparable to WT:WT grafts. In
contrast, aortic grafts from Bmal1 knockout (KO) or Period-2,3
double-KO mice transplanted into littermate control WT mice de-
veloped robust arteriosclerotic disease. These lesions observed in
donor grafts of Bmal1-KO were associated with up-regulation in
T-cell receptors, macrophages, and infiltrating cells in the vascular
grafts, but were independent of hemodynamics and B and T cell-
mediated immunity. These data demonstrate the significance of
intrinsic tissue clocks as an autonomous influence in experimental
models of arteriosclerotic disease, which may have implications
with regard to the influence of circadian clock function in organ
transplantation.
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Circadian rhythms are governed by a central clock, located in
the suprachiasmatic nucleus (SCN) in the hypothalamus of
the brain, to control central rhythmic functions such as sleep/
wake cycles and locomotor function (1). The SCN, and its impact
on locomotor function, in many ways acts as the conductor to
organize a symphony of peripheral rhythms (2). Global circadian
clock gene disruption changes systemic homeostasis by influenc-
ing locomotor function (3, 4), metabolism (5, 6), and blood
pressure (7). Thus, central disorders of circadian rhythm may
impinge on general physiology to cause secondary impairments
in peripheral tissues. Indeed, the presence of circadian clock
components in the periphery has demonstrated that there are
tissue-specific functions of the circadian clock, corroborated by
tissue-specific transgenic clock mutants (8, 9) and genetic rescue
studies (10). However, even tissue-specific strategies of genetic
disruption are vulnerable to off-target effects (9, 11). Recent data
have demonstrated an important influence of global clock dis-
ruption in the progression of chronic disease (12-15). With cen-
tral and tissue-specific clock disruption impairing overall physi-
ology so pervasively, the direct function of intrinsic tissue clocks
remains unclear in long-term pathology.
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Results

WT:WT Arterial Isografts Are Absent of Disease and Exhibit Structural
Adaptation Accompanied by Intact Vascular and Circadian Responses.
To determine the relationship between extrinsic and intrinsic
tissue-specific circadian clocks, we implemented an organ trans-
plant approach in mice using arterial grafting (Fig. 14). Trans-
plant models in animals have traditionally been used to examine
organ rejection using donor organs/tissues from animals of a
particular strain or species to a recipient animal of a different
strain (allograft) (16) or species (xenograft) (17). Here we im-
plement a grafting strategy between mice of identical strain
(isograft) and sex (male) to assess tissue-extrinsic and -intrinsic
influences of circadian clock gene mutation, a transplant model
that exhibits limited immune and tissue responses (18). Aortae
from wild-type (WT) mice were used as donors and anastamosed
to the common carotid artery of recipient, same-strain WT mice
(WT donor to WT recipient transplants; WT:WT), to intention-
ally induce remodeling in this “size-mismatch” model of isograft
transplantation. In its native environment, the size of the control
aorta (determined as lumen diameter) was 718 + 9.38 um. Four
weeks after heterotopic transplantation (aorta displaced from
natural origin emanating from the heart and intercalated within
the common carotid artery), the aorta changed its dimensions,
becoming smaller through a process called inward remodeling
(Fig. 1B). The aortic diameter narrowed to 544 + 24.4 ym (Fig.
1C), and it also exhibited an increase in wall thickness (Fig. 1D).
The grafted aorta was viable, because endothelium-dependent
relaxation and smooth muscle cell-dependent relaxation (Fig.
1E) were comparable to control aortae, and ultrasound imaging
revealed patent grafts that sustained blood flow to downstream
vascular branches (Fig. S1). Thus, the donor/transplanted aorta
altered its structure as adaptation to the flow dynamics in the
common carotid artery (vascular remodeling). Furthermore, cir-
cadian rhythmicity was retained in the grafted arteries. By using
mice transgenic for a fusion protein containing the Period-2 cir-
cadian clock component and the luciferase reporter (WT.Per2-
Luc) (19), donor aortae from WT.Per2-Luc mice were trans-
planted into WT mice demonstrating a circadian variation in gene
expression, 4 wk postimplantation, that was comparable in pattern
to naive aortae from the WT.Per2-Luc mice (Fig. 1F).

Global Circadian Clock Mutation Does Not Confer Disease to WT
Arteries. The Bmall and Period genes are critical to circadian
rhythm because mice deficient in these components exhibit im-
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Heterotopic arterial isografts exhibit adaptive structural adaptation in WT:WT transplant conditions, accompanied by intact vascular and circadian

responses. (A) The transplant model was performed by transecting (arrow) the common carotid artery at its midpoint (i), placing cuffs (arrow) on each end of
the transected common carotid artery (ii), sleeving and securing the aorta (arrow) over the cuffs (iii), and then reestablishing blood flow in the graft (arrow)
by releasing clamps (iv). (B) Van Gieson staining of the native aorta (Left) versus WT aortic grafts placed in WT mice (Right) reveals enhanced collagen staining
(red) and expansion of the media delineated by the interelastic lamina (black) in the transplants. (Bar: 100 pm). (C and D) Lumen diameter (C) and wall
thickness (D) were calculated through morphometric analysis of common carotid artery cross sections (Materials and Methods; n = 8, WT; n = 8, WT:WT; *P <
0.05). (E) Aortic grafts were isolated after 4 wk and placed in an organ bath, and concentration-response curves to acetylcholine (Ach) and sodium nitro-
prusside (SNP) were determined as an assay for vascular function (n = 5, WT; n = 5, WT:WT; *P < 0.05). (F) Aorta from Per-2 luciferase transgenic mice were
grafted into either WT mice (WT.Per2-Luc:WT) or Bmal1-KO mice (WT.Per2-Luc:Bmal1-KO) for 4 wk, at which time the grafts were excised and placed in
DMEM absent growth factors at 37 °C in an oxygenated incubator in darkness. Equal aortic segments of the grafts and also native untransplanted aorta (WT.

Per-2Luc) were sampled at 6-h intervals for up to 36 h and quantified by standard bioluminescence using automated luciferin dispensation.

paired locomotor rhythm (3, 20). To determine the effects of
global circadian clock gene disruption on tissues with intact
clocks, we created surgical chimeras of mice (Fig. 24) by grafting
aortae from littermate control WT mice (donors) into recipient
mice with either disruption of Bmall [Bmall knockout (Bmall-
KO)] or Period gene isoforms [Per-double knockout (Per-dKO)].
Comparisons of the aorta in naive, untransplanted conditions
revealed no structural differences (Fig. 2B Upper) with regard to
lumen diameter (Fig. 2C) or wall thickness (Fig. 2D) among WT,
Bmall-KO, and Per-dKO mice. Surprisingly, in transplanted
blood vessels, there were no differences in the structural adapta-
tion of grafts when littermate control WT mice were grafted into
circadian clock knockout mice (Fig. 2B Lower). Although lumen
diameter decreased (Fig. 2C) and wall thickness increased (Fig.
2D) relative to control aorta, vascular remodeling was compara-
ble among WT:WT, WT:Bmall-KO, and WT:Per-dKO graft
transplants. There were no notable features of disease despite
exposure for 4 wk in the milieu of global, extrinsic clock dysfunc-
tion. Indeed, robust circadian clock oscillation was preserved in
WT aortic grafts placed in Bmall-KO mice (Fig. 1F), providing
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further evidence of the intrinsic function and autonomy of pe-
ripheral clocks.

Local Vascular Clock Dysfunction Confers Transplant Arteriosclerosis.
The converse studies revealed a striking and remarkable differ-
ence in response. When circadian clock gene mutant aortae were
transplanted into WT littermates (Fig. 34), the grafted vessels
with tissue-intrinsic dysfunctional clocks exhibited a robust path-
ological response with perivasculitis and intimal hyperplasia (Fig.
3B) characteristic of transplant arteriosclerosis (21). To deter-
mine whether host cells were infiltrating the graft, Bmall-KO
grafts transplanted for 2 wk were analyzed for Bmall expression
by RT-PCR, given that the presence of undisrupted Bmall
mRNA in Bmall-KO mice would necessarily be derived from the
recipient WT mouse. Indeed, WT:WT grafts exhibited a strong
signal for Bmall, whereas Bmall-KO grafts transplanted in
Bmall-KO mice (Bmall-KO:Bmall-KO) exhibited no detectable
expression (Fig. 3C). However, Bmall expression was strong in
Bmall-KO grafts (Fig. 3C) isolated from WT mice (Bmall-KO:
WT), providing evidence of host cell infiltration of the donor
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Fig. 2. Global circadian clock mutation does not confer disease to WT arteries. (A) Genetic chimeras of mice were made by anastamosing donor aortic grafts
from WT mice (littermate control) to the circulation of either recipient Bmal1-KO or Per-dKO mice (KO). (B) Van Gieson staining revealed comparable inward
remodeling among groups in representative aortic graft cross-sections. (Bar: 100 pm.) (C and D) Although there was a significant change in the structural
architecture of aortic grafts versus the native aorta, there was no difference in increment of structural adaptation among the WT:WT, WT:Bmal1-KO, and WT:
Per-dKO indexed as lumen diameter (C) and wall thickness (D) (n = 10, WT; n = 10, Bmal1-KO; n =5, Per-dKO; n = 10, WT:WT; n = 10, WT:Bmal1-KO; n =5, WT:

Per-dKO; *P < 0.05 versus corresponding control aorta).

graft. Established endpoints of transplant arteriosclerotic disease
(22) including lesion development in the form intimal hyperplasia
(Fig. 3D) and wall thickening (Fig. 3E), were observed in both
Bmall-KO:WT and Per-dKO:WT transplants due to an increased
hyperplastic response in the circadian clock-disrupted arteries, as
evidenced by increased proliferating cell nuclear antigen staining
(Fig. S2). As occurred when the aorta was anastamosed to the
common carotid artery in the size-mismatch approach, a patho-
logical response was also observed when size-matched vessels
were transplanted from Bmal1-KO to WT mice (common carotid
artery to common carotid artery; Fig. 4). Common carotid artery
grafts from Bmall-KO homotopically grafted into the common
carotid artery of WT mice exhibited robust wall thickening,
whereas WT:WT common carotid grafts were indistinguishable
from naive common carotid arteries (Fig. S3), suggesting that the
hemodynamic stress caused by the size mismatch was not in itself
responsible for the arteriosclerotic response.

Macrophage Infiltration and T-Cell Receptor Activation Are Selec-
tively Induced in Bmal1-KO to WT Transplants. Evidence for an in-
flammatory and immune response was apparent within the vas-
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culature of Bmall-KO mice grafted into WT mice. Quantitative
PCR revealed up-regulation of the chemokine CXCL-9 that is
involved in the graft arteriosclerotic response (23) and the in-
flammatory adhesion molecule ICAM-2 that has been associated
with T-cell clearance (24), both of which exhibit a circadian
rhythm in vascular tissue (25). In addition, granzyme B and
perforin were up-regulated in Bmall-KO:WT grafts that are
degradatory enzymes released by cytotoxic T cells (Fig. 3F).
Moreover, immunohistochemistry revealed that Bmall-KO:WT
grafts exhibited macrophage accumulation that was evident within
3 d of grafting and sustained to 28 d later in both endothelium
and adventitia of the aorta (Fig. 5 A and B). Macrophage ac-
cumulation was further accompanied by sensitization of the en-
dothelium to T cells (Fig. 5C). However, B- and T-cell infil-
tration did not influence the response, because transplant
arteriosclerosis persisted in Bmall-KO aortic grafts placed in
recipient recombination-activating gene knockout (RAG-1-KO)
mice (Fig. 64 and Fig. S4 A and B), which lack mature B and T
cell lymphocytes (26). The effect was specific to Bmall disrup-
tion, as RAG-KO transplants grafted into WT mice exhibited no
transplant arteriosclerosis (Fig. 6B and Fig. S4C). These data
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KO:WT; *P < 0.05; Student’s unpaired t test).

demonstrate a significant and intrinsic tissue function of circa-
dian clocks to condition transplant arteriosclerosis.

Discussion

The circadian clock exerts a significant influence on systemic
homeostasis. Ex vivo, peripheral tissues lose circadian rhythm
over time more quickly than SCN explants, suggesting that the
central clock entrains circadian oscillators in the periphery (2).
Locomotor rhythm (3, 27-29), glucose and lipid metabolism (5,
6, 8, 14), and blood pressure (9, 30-32) are altered in mice with
global circadian clock gene mutation, which has an array of
secondary and indirect influences in the periphery. In the present
studies, WT arteries, having an intact clock, were not affected
when chronically immersed in a systemic milieu of global circa-
dian clock dysfunction. Moreover, RAG-KO grafts transplanted
into WT mice also exhibited no signs of arteriosclerosis, sug-
gesting that neither the transplant procedure nor indiscriminate
gene disruption, per se, were sufficient to induce vasculopathy.
Only when circadian clock gene mutation was intrinsic to the
grafted blood vessels were pathological responses incurred. Al-
though it is surprising that global clock dysfunction did not im-
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pair the local tissue response, the observation further emphasizes
the intrinsic importance of peripheral clocks in long-term to-
nicity that may (when perturbed) contribute to disease. Indeed,
with regard to tissue-specific and intrinsic circadian gene oscil-
lation, it is known that discrete peripheral tissues types can
maintain rhythm after SCN lesion (33), whereas genetic rescue
of the central clock selectively restores peripheral circadian clock
oscillations and physiology (10), perhaps reflecting tissue-specific
differences in circadian clock dynamics (34). The present obser-
vations demonstrate the intrinsic significance of tissue clocks
in chronic pathology and suggest that peripheral disease related
to central circadian dysfunction may not be a simple secondary
consequence, but may also relate to direct peripheral tissue
circadian clock dysfunction.

Numerous mechanisms have been implicated in transplant
arteriosclerosis, including perivascular inflammation (21), hu-
moral immunity (35), and vascular cell activation (36). Circadian
rhythms are an important influence in these facets of defense
(37, 38) and are additionally implicated in conditioning respon-
ses during human organ transplants. In humans, aberrations in
the circadian rhythm in human blood pressure have been de-
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scribed after kidney transplants (39, 40). Moreover, recent hu-
man studies suggest that the time of day conditions the success
in liver transplant patients, with nighttime operative start times
being prone to worse outcome (41). Our data directly implicate
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the circadian clock mechanism to condition transplant arterio-
sclerosis, buttressed by the congruence of phenotype in mice
mutated in both activators (Bmall) and repressors of the circa-
dian clock (Per) and underscoring the significance of the oscil-
latory function per se of this unique signaling mechanism (34).
Further, the arteriosclerotic response conferred by the circadian
clock in grafts was also independent of hemodynamics and B and
T cell-mediated immunity, demonstrating the tissue-intrinsic sig-
nificance of the circadian clock in transplant vasculopathy.

A salient feature of our approach is the use of experimental
transplantation to dissect global effects from local tissue influ-
ences in gene function. The ability to examine gene dysfunction
in a finite and local segment of tissue limits the systemic dis-
turbances induced by gene disruption. Indeed, even tissue-spe-
cific deletion strategies exhibit complex secondary effects, with
disadvantages including a lack of appropriate cell specificity and
genetic compensation, which are both magnified during devel-
opment of the organism. For example, blood vessel (endothelial
cell)-specific deletion of Bmall has an unexpected, albeit subtle,
effect on locomotor activity (9), which may be a consequence
of altered endothelial signaling (12, 42, 43) (that is the summa-
tion of an impairment across the entire vascular network) while
endothelial-specific targeting in itself as influences on circulating
progenitor cells (11). These data demonstrate the significance of
tissue circadian clocks as an autonomous influence in experi-
mental models of arteriosclerotic disease, which may have im-
plications with regard to the influence of circadian clock function
in organ transplantation.

Materials and Methods
See SI Materials and Methods for detailed descriptions.

Mice. All animal studies were performed according to protocols approved by

the Georgia Health Sciences University Institutional Committee for Use and
Care of Laboratory Animals. Male, littermate control WT, Period-2 Luciferase
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transgenic (Per-Luc), Bmal1-KO (Jackson Laboratories), RAG1-KO (Jackson
Laboratories), and Per-2,3 double-knockout (Per-dKO) mice were housed
under standard 12-h light/dark conditions. For syngeneic (isograft) trans-
plant studies, littermate controls were used in Bmal1-KO (congenic C57BL/6J)
and Period isoform knockout mice, respectively; only male mice were used
as donors and recipients.

Transplant Model. We implemented two models of arterial grafting, a size-
mismatch (heterotopic) and size-match (homotopic) approach. To stimulate
remodeling, we intentionally performed heterotopic transplants (aorta to
common carotid artery) as described (18, 19). To test whether the response
was cause by heterotopic placement or size mismatch of the artery, we also
implemented a homotopic, size-match approach, where common carotid
artery was grafted to common carotid artery, which caused no remodeling
in control blood vessels. Grafts were harvested 4 wk after transplant and
analyzed as described in S/ Materials and Methods.

Histomorphometry. Four weeks after transplantation, mice were anes-
thetized, exsanguinated, and perfused via the left ventricle with physiologic
saline. Mice were subsequently perfusion fixed with neutral buffered for-
malin. Both control, native aortae in the thoracic cavity and grafted aortae
were carefully excised and postfixed either overnight for morphometric
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