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Background: Robust techniques for characterizing the biome-
chanical properties of mouse pulmonary arteries will permit ex-
citing gene-level hypotheses regarding pulmonary vascular dis-
ease to be tested in genetically engineered animals. In this paper,
we present the first measurements of the biomechanical properties
of mouse pulmonary arteries.

Method of Approach: In an isolated vessel perfusion system,
transmural pressure, internal diameter and wall thickness were
measured during inflation and deflation of mouse pulmonary ar-
teries over low (5-40 mmHg) and high (10-120 mmHg) pressure
ranges representing physiological pressures in the pulmonary and
systemic circulations, respectively.

Results: During inflation, circumferential stress versus strain
showed the nonlinear "J"-shape typical of arteries. HiidetZs in-
cremental elastic modulus ranged from 27 +13 kPa (n=7) dur-
ing low-pressure inflation to 2,700+1,700 kPa (n=9) during
high-pressure inflation. The low and high-pressure testing proto-
cols yielded quantitatively indistinguishable stress-strain and
modulus-strain results. Histology performed to assess the state of
the tissue after mechanical testing showed intact medial and ad-
ventitial architecture with some loss of endothelium, suggesting
that smooth muscle cell contractile strength could also be mea-
sured with these techniques.

Conclusions: The measurement techniques described demonstrate
thefeasibility of quantifying mouse pulmonary artery biomechani-
cal properties. Stress-strain behavior and incremental modulus
values are presented for normal, healthy arteries over a wide
pressure range. These techniques will be useful for investigations
into biomechanical abnormalities in pulmonary vascular disease.
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Introduction

Primary pulmonary hypertensid®PH) is a rapidly progressing
and deadly disease that induces substantial pulmonary vascl
remodeling[1]. Large and small pulmonary vessels exhibit thick
ening in all three layers of the blood vessel wall by both hype
trophy and hyperplasia of smooth muscle cells and by increas
extracellular matrix protein depositiof2]. These biological
changes have a significant effect on tissue biomechanical prop
ties. For example, Young’s modulus and residual stresses in
pulmonary arteries have been shown to change with hypox
induced pulmonary hypertensi¢8,4]. Stress and strain distribu-
tion, compliance and impedance also have been estimated for
normal pulmonary vasculature of rats, cats, dogs, minipigs a
newborn pigs[5—9]. However, there are no reported measurg
ments of pulmonary artery biomechanical properties in mice.

Mice are useful models for studying diseases with known
suspected genetic defects since they are the only species for wij
genetically engineered mutants are widely available. For examp
mice that have been genetically engineered to lack or over-expr
the gene for endothelial nitric oxide synthase are increasingly &
ing used to study the effects of nitric oxide availability on thq
progression of hypoxia-induced pulmonary hypertengidh-12.
Furthermore, a genetic basis for many familial and sporadic cag
of primary pulmonary hypertension has recently been discoverdes===r
heterozygous missense, nonsense and frameshift mutations in th )
bone morphogenetic protein type Il receptor gene of the trarfgd: 1 Isolated mouse pulmonary artery sutured to glass mi-
forming growth factor beta cell-signaling superfamily3,14. crocannulas, pre-stretched and pressurized to 5 mmHg. The

Th the technical chall f Usi h I imal ]jnterrupted white line is the VDA scan-line, which shows the
us, the technical challenges or using such small animals 19f, position of measurements. The short sections of the

investig.a_ting pulmqnary vascular remodeling are supersgded SMan-line that overlap the vessel wall boundaries are the LWT
the exciting potential to explore molecular-level mechanisms ighd RWT measured by analog edge detection. ID is the dis-

disease processes with genetically-engineered mice. tance between the inner boundaries of the detected walls
The goal of this study was to measure normal mouse pulmondagpown in yellow ). Scale bar shows 400 um.
artery biomechanical properties in order to validate methods that
could be applied to the pulmonary arteries of genetically engi-
neered animals. Isolated vessel experiments were chosen for sey- . ) .
eral reasons. First, this method allows good control of the m&-2(Pupt Paown)) Via computer controfLabView, National Instru-
chanical environment, including transmural pressure, axial strdégms- The distal microcannula was then closed off to flow and a

and vessel curvature. Also, since the vessel is isolated from JEUC transmural pressure was applied to the vessels as previously

- . : .described for rat middle cerebral arter{d$)].
natural surroundings, the mechanical effects of tethering, whiCliT o\ /essel was visualized through transillumination on an in-
vary with vessel size and bifurcation level in the pulmonary VaSiarted microscope(CX40, Olympus with a 10x objective
cular tree, can be neglected. Second, it allows excellent control-le)(:qr ' :

. . ; ) . rough a trinocular observation tube with a 1.5x lens, the image
the biochemical environment, including pH, OCO,, tempera- J 9

. X was digitized in real time with a digital camef€2020, Olym-
ture, and the absence of immunological or hormonal factors t 3. A video dimensional analyzé¥DA, LSI) electronically de-
could affect smooth muscle contraction or vascular tone. Final X ;

. . “tarmined the ID and left and right wall thickness@sWT and
in arteries as small as the mouse pulmonary, the vessel in 9

. ! . o T, respectively. Vessel dimensions were measured by the
diameter (ID) can be measured optically by transillumination i Y y

. ; ; 2 video scan line, which detects the optical contrast of the vessel
Th'.s' wel_l-descr!bed techn_|que has led to many significant contifzall and generates a voltage ramp within the VDA, the amplitude
butions in the field of resistance vessel physioldfyy example, '

of which is proportional to length. A sample image with white

see[15-18). scan line is shown in Fig. 1 for a vessel at 10 mmHg. The preci-
. sion of the VDA is approximately- 2.0 um for this optical path
Materials and Methods after appropriate calibration. Inaccuracies can result from the ar-

Left main pulmonary arteries were isolated from younge: 7 tery centerline moving out of the plane of focus or loose connec-
weekg C57BL6 mice after euthanasia as approved by the Univdive tissue obscuring the edges of the vessel. The output of the
sity of Vermont and University of Wisconsin Institutional AnimalVDA and up- and downstream pressure sensors were sent to a
Care and Use Committees. The aorta, pulmonary veins, trachpastable data acquisition computératitude C800, De)l
main bronchi and connective tissue were carefully removed afterTwo experimental protocols were used to measure tissue me-
identification by specific anatomic location and morphology. Thehanical properties using a step history to approximate a constant
left pulmonary artery was then excised and mounted in an arterload rate, as ih20]. These were low-pressure cyclic inflation and
graph chambe(Living Systems Instrumentatiofi.Sl)). The arte- deflation (n=7) and high-pressure cyclic inflation and deflation
riograph chamber consists of a bath for superfusion and a set(n=9) as detailed below. In particular, three of the vessels were
proximal and distal glass microcannulas &i00 «m) on which subjected to the low-pressure protocol only, four were subjected to
the artery is mounted and secured with single strands of nyltime low- and then the high-pressure protocol, and five were sub-
suture (diameter 10 um). Thus mounted, vessels were perfuseptcted to the high-pressure protocol only. No differences were
gently with Dulbecco’s Modified Eagle’'s MediuniDMEM, observed between those vessels that were subjected to both the
Sigma Chemical Co.through the proximal microcannula drivenlow and high-pressure protocols and those that were subjected to
by a multi-roller pump. Pressure transducers were situated imnuae only; thus, the data were grouped. In all cases, vessels were
diately up- and downstream of the vessel(&d R, respec- first slowly inflated to 40 mmHgat approx. 10 mmHgjsand
tively). An upstream in-line pressure servomechanig®l) con- pre-stretched so that no axial bending occurred at 40 mmHg. Typi-
tinually adjusted the computed average transmural pressyyg (Rally, the amount of pre-stretch imposed was 50 to 100, or
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1200 45 um) were cut at—20°C on a cryostatRichard-Allan Scientific
=OD g | i and stained with hematoxylin and eogi@igma Chemical C9.
1000 | Pressure -t Sections were imaged on an inverted microscOpE-2000, Ni-
, - r 35 kon) and captured using a spot camera and software for image
56 L Pm | 55 Ia capture and analysidMetaVue, Optical Analysis Systems
—_ £ .
g — +25 E Calculations
= 600 T
8 . P t 20 % The Cauchy stress in the circumferential direction was calcu-
[ . | :8: lated at the inner wall using:
-a L 10 P..d OD?+1D?) O
200 + 0= APZ_InZ
e " " oD?-ID?
0 , \ , , , , , Lo [22] and the Almansi circumferential strain for large deformations
0 60 120 180 240 300 360 420 480 using:
Time (sec) 1 1
ep==1-—= 2
k] ®

Fig. 2 Representative raw data for OD and P ., versus time
during the second cycle of the low pressure cyclic inflation /" [23] where the circumferential stretch ratioNg= 7 ID/ 7 1D at
deflation protocol. Note occasional pressure over  /undershoots the inner wall and 1 is the inner diameter at the baseline pres-
during step changes, and some creep and creep recovery dur- sure. This approach is incrementally nonlinear in the sense that
ing inflation and deflation, respectively. ; - .
nonlinear effects due to large deformations are included and the
material is only assumed to have a constant elastic modulus be-
tween states of incremental deformation.
2.5% to 5%. Then, vessels were deflated and preconditioned withAn incremental elastic modulus developed by Hudew] for
at least two cycles of low-pressure inflation and deflation identicarteries subjected to step changes in pressure at fixed length,
to the low-pressure cyclic testing protocol. Tissue deformation imhich also assumes globally nonlinear, but incrementally linear
response to low-pressure inflation was consistent after the fiksthavior between adjacent states of deformation, was calculated
cycle in general. using:
. The peak pressure for the Iow-pressure protocol was chosen AP, 2IDOD? 2P, OD?
ased on hypoxia-induced hypertensive pulmonary artery pres- Enc= . 5+ ——s 5 (3)
sures in mice. The normal mean pulmonary artery pressure in AID OD°~ID° OD°-ID

C57BL6 wild type mice(20-30 g is approximately 16 mmHg [24 25 whereAP is an incremental change in average transmural
with peak systolic pressure up to 30 mmERf]. In response to pressure AID is the corresponding change in internal diameter,
hypoxia-induced hypertension, peak systolic pressure is 45 mm&gd ID, OD and R, are taken at the beginning of the increment.
in the pulmonary circulatiofil0]. During low-pressure cyclic test- Thjs incremental elastic modulus calculation further assumes the
ing, average transmural pressure was stepped by 5 mmHg inGgq material is orthotropic, incompressible and homogeneous. In
ments from 5 to 40 mmHg and then back down to 5 mmHg by {pe apsence of reliable residual stréspening angleand longi-
mmHg decrements five times in sequence, with each pressure hel@ina| force data, parameters for a fully three-dimensional model
for 30 s(one minute at 40 mmHgFive mmHg was chosen as thes tissue mechanicuch as have been suggested in the literature

baseline pressure for this protocol since this was the lowest prgsy concisely reviewed if26]) were not estimated.
sure at which vessels consistently did not collapse. Previous ex-

periments on rat middle cerebral arteries were able to use basefges|ts

pressures closer to 0 mmH49]; however, the pulmonary arteries o . .
are relatively more thin-walled and thus more collapsible than Pulmonary artery arterial diameter increased and decreased sig-

cerebral arteries. The peak pressure for the high-pressure protdegidally in response to increasing and decreasing transmural
was chosen based on normal systemic pressures in (peak Pressures for the low-pressure cyc{Bgy. 3a). At the initial pres-
systolic pressure is 120 mmH@1]). During high-pressure infla- Sure of 5 mmHg, the OD was 6289 um and ID/WT was 7
tion, pressure was incremented by 10 mmHg from 10 to 1254 At the highest pressure of 40 mmHg, the vessels dilated to
mmHg and decremented to 10 mmHg, with each pressure leygiSs- 58 um OD with ID/WT equal to 235. In response to
held for one minutetwo minutes at 120 mmHgAxial bending Ncreasing and decrea;mg transmural pressures for the high-
was occasionally observed at the highest pressures. pressure cycles, the diameter increased and decreased roughly
Py Paown and average transmural pressurg QP 1D, LWT logarithmically (Fig. 30). At the initial pressure of 10 mmHg, the
and RWT were sampled at 1 Hz and recorded continuously. Oufi4erage OD was 63850 um and ID/WT was 74 at the high-
diameter(OD) was calculated as the sum of ID, LWT and RWTESt pressure of 120 mmHg, the vessels dilated to 12Z8um
Representative data for OD ang,Pduring the second cycle of With ID/WT equal to 36-8. o
the low-pressure cyclic protocol are shown in Fig. 2. To compute TN€ Stress-strain behavior of the arteries in both pressure
static tissue behavior, data points collected midway through t§PUPS showed the “J"-shape typical of arteriéSig. 4a). Enc
constant-pressure step were used to control for the effects of fig0 increased with increasing strain with a “J"-shape during in-
occasional pressure overshoot during the step increase and H@yPn in both pressure grougig. 40). For both calculations, the
viscoelastic effects. That is, for the low-pressure protocol, poin&"éﬁ and high-pressure testing protocols yielded quantitatively in-
were taken 15 s after the step change in pressure, and for fifginguishable results where the strain values overlapped.
high-pressure protocol, points were taken 30 s after the step. Pretlématoxylin and eosin staining showed some intact endothelial
liminary results demonstrated that with these protocols hystere§&lIS and many medial smooth muscle and adventitial fibroblast
was minimal between inflation and deflation, and no significaff€!ls in a representative mechanically tested artfy. 5).
plastic deformation was evident. . .
After testing, mouse pulmonary arteries were preserved for hQ—'SCUSS'on
tology to assess the state of the tissue after mechanical testingSynchronous pressure-diameter measurements in an isolated
Tissue was slow frozen in tissue freezing medium surrounded bgssel perfusion system were used to quantify the biomechanical
2-methyl butane cooled by liquid nitrogen. Thin sectidbs-10 properties of normal, healthy mouse pulmonary arteries. Diameter
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Fig. 3 Outer diameter versus pressure for  (a) low and (b) high
pressure inflation  (gray boxes ) and deflation (open triangles )
of isolated left main pulmonary arteries. Values are mean *+SD
(—SD for inflation, +SD for deflation ).

Fig. 4 (a) Cauchy stress and (b) Hudetz's incremental elastic
modulus versus Almansi strain during inflation for low pres-
sure (gray boxes ) and high pressure (black boxes ) testing pro-
tocols. Values are mean =*SD, with E ;. values on a log scale.

change as a function pressure was sigmoidal in shape, as has been
observed in other vessel typg20,27-29. Langewouters and co- collagen-rich adventitia is expected to contribute to tissue me-
authors, in particular, used a three-parameter arctangent functavanical properties. Indeed, the relatively equal sizes of the media
to describe the outer cross-sectional area change of human aartd adventitia support our conjecture above that collagen plays a
subjected to an inflation and deflation protocol similar to oursignificant role in pulmonary artery biomechanical properties. The
[20]. We used this arctangent function to model our pressurpresence of ample smooth muscle cells suggests that contractile
diameter data and obtained comparable parameter values for slrength could be measured with the techniques presented here by
low and high-pressure groups with good degrees ofdfita not adding to the bath vasoconstrictors such as norepinephrine and
shown). potassium chloride, or vasodilators such as sodium nitroprusside
Stress-strain behavior and the incremental modulus with respaotd papaverine, as described with other vessel thpEls
to strain were calculated to characterize the mouse pulmonaryLimitations of the isolated vessel technique with mouse pulmo-
artery elastic behavior.;fz values ranged from 2713 kPa during nary arteries include experimental error in the transillumination
low-pressure inflation to 2,7@01,700 kPa during high-pressuremeasurements, in particular LWT and RWT. At the highest pres-
inflation. These data fall well within the range of,Evalues re- sures, the wall thicknesses are small but have sharp contrast with
ported in the literature for other vessel typeXt,25,30—33 In  the surrounding fluid. As the pressure decreases, the walls thicken
particular, in rat middle cerebral arteries with experimental arehd lose the sharply defined contrast that is easily detectable op-
analytical methods identical to those used herg, Bcreased tically. Our data from the lowhigh)-pressure testing protocol di-
from 25 to 3,667 kPa with increasing pressure from 5 to 15€erge on average 20¥%45%) from the incompressible, constant
mmHg [25]. The shapes of the stress-strain ang-&rain rela- axial length assumption. A solution to this problem suggested by
tionships are consistent with a two component model of the artdfaury et al. is to measure the wall thickness optically at the high-
where the low modulus properties of elastin dominate at loest pressure and then compute average wall thickness at lower
stretch and high modulus recruited collagen fibers dominate @essures based on conservation of wall cross-sectionalthaa
high stretch. The pattern of variation of,Ewith strain or pressure is, assuming incompressibility and no axial stjgi@4]. The as-
may be a useful indicator of vessel structural composition, astimption of zero axial strain is reasonable since the total suture-
may change significantly with vascular remodel(i3@]. to-suture vessel length is fixéduture slippage would catastrophi-
Histology on a representative mouse pulmonary artery demarelly end the experimeftbut some changes in the distribution of
strated intact medial and adventitial cells and architecture witixial strain may occur. The absence of a local axial strain mea-
some endothelial cell stripping. Endothelial cells are not expectedrement is another limitation of this study. Differences in
to contribute significantly to arterial mechanical properties, butxial strain between normal and transgenic mice may be an im-
their absence suggests that assays for vessel reactivity that relyportant measure of the functional effects of the transgene in the
an intact endothelium should not be pursued. In contrast, thasculature.
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Adventitial cells

Fig. 5 Representative mouse pulmonary artery in cross-
section stained with hematoxylin and eosin. Intact medial
smooth muscle cells (SMC) and adventitial cells are visible; a
few intact endothelial cells  (EC) are visible.
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