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The precision-cut lung slice (PCLS) is a powerful tool for stlying airway reactivity, but
biomechanical measurements to date have largely focused ochanges in airway caliber.
Here we describe an image processing tool that reveals the a®ciated spatio-temporal
changes in airway and parenchymal strains. Displacementsfeub-regions within the
PCLS are tracked in phase-contrast movies acquired after adition of contractile and
relaxing drugs. From displacement maps, strains are deterined across the entire PCLS
or along user-speci ed directions. In a representative mose PCLS challenged with
10 *M methacholine, as lumen area decreased, compressive cireuferential strains
were highest in the 50 m closest to the airway lumen while expansive radial strains
were highest in the region 50-100 m from the lumen. However, at any given distance
from the airway the strain distribution varied substantiBl in the vicinity of neighboring
small airways and blood vessels. Upon challenge with the r@kant agonist chloroquine,
although most strains disappeared, residual positive stias remained a long time after
addition of chloroquine, predominantly in the radial dird@on. Taken together, these
ndings establish strain mapping as a new tool to elucidatedcal dynamic mechanical
events within the constricting airway and its supporting peenchyma.

Keywords: airway smooth muscle, contraction, PCLS, displace ments, radial strain, circumferential strain

1. INTRODUCTION

Airway smooth muscle (ASM) cells residing within the airwawlivand the tissue in the
surrounding parenchyma, are under constantly changingrstrduring tidal breathing. Itis widely
recognized that the e ect of imposed strains and resultingsses, as well as internally generated
mechanical force, are of crucial importance in normal physjyl and are altered in diseases such
as asthma and COPD. However, while complex and inferred inreggad overly simpli ed in the
cultured cell, their generation, transmission, and tramstibn in the settings of an intact airway
remain di cult to measure. Indeed, there are currently naaightforward approaches to quantify
the strains or stresses acting on cells and tissues in tlaivenairway microenvironment. In the
absence of such knowledge, the mechanical interactiordvied in airway (patho)physiology will
remain poorly understood.
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A well-established experimental preparation for studying?.1.2. Precision-cut Lung Slices
airway reactivity, and corresponding biomechanical respoiss Mouse PCLS were prepared according to a protocol described
the precision-cut lung slice (PCLS) (e.gerez and Sanderson, previously for guinea pig PCLSOg¢nema et al., 20)3
2005; Wang et al., 2008; Tan and Sanderson, )20lHe key Male C57BI/6 mice (6-8 weeks old) were euthanized by
advantage of the PCLS is that vital functional interactionsntraperitoneal pentobarbital injection (400mg/kg, hospita
between airways, arterioles, and veins are preserved witlein pharmacy, University Medical Center Groningen), after
alveolar parenchymaS@nderson, 20)1 Additional practical which the lungs were lled with 1.5mL low melting-point
considerations include its ease of preparation, ease ofg#aria agarose solution (1.5% nal concentration (Gerbu Bioteikhn
cryopreservationfRosner et al., 2014; Bai et al., 2))Widespread GmbH, Wieblingen, Germany) in CaCl2 (0.9mM), MgSO4
applicability to many animal speciess€ehase et al., 2011 (0.4 mM), KCI (2.7 mM), NaCl (58.2 mM), NaH2PO4 (0.6 mM),
including humans{(Vohlsen et al., 20Q3and suitability for high-  glucose (8.4mM), NaHCO3 (13mM), Hepes (12.6 mM),
resolution imaging of molecular dynamicS#nderson, 20)1In  sodium pyruvate (0.5mM), glutamine (1 mM), MEM-amino
the PCLS, responses to electric eld stimulati@tileputz et al., acids mixture (1:50), and MEM-vitamins mixture (1:100),
2011, 201pand mechanical stretctD@assow et al., 2010; Lavoie pH D 7.2). The agarose was solidi ed for 15 min, by placing
et al., 2012; Davidovich et al., 2Qave also been ascertained,the lungs on ice and at €. Lungs were harvested and
highlighting the physiological relevance of this system. individual lobes were sliced at a thickness of 25@in medium

Biomechanical data from PCLS studies, to date, have largatpmposed of CaCl2 (1.8 mM), MgS0O4 (0.8 mM), KCI (5.4 mM),
focused on changes in airway caliber. These datasets, bgweWaCl (116.4mM), NaH2PO4 (1.2mM), glucose (16.7 mM),
contain a rich source of additional dynamic and spatialNaHCO3 (26.1 mM), Hepes (25.2mM), p® 7.2, using a
biomechanical data that heretofore have not been invastiga tissue slicer (Compresstorife VF-300 microtome, Precisionary
For example, a limited number of studies have utilized thdnstruments, San Jose CA, USA). Thereafter, slices were kept at
PCLS to examine the mechanical interdependence between tBg C in a humidi ed atmosphere of 5% Cf£and washed every
constricting airway and the surrounding parenchyméd(er 30 min for four times to remove the agarose and cell debris
etal., 1998; Brook et al., 2010; Ma et al., J0H8wever, beyond in medium composed of CaCl2 (1.8mM), MgS0O4 (0.8 mM),
the immediate vicinity of the contracting airway, the parepma  KCI (5.4 mM), NaCl (116.4 mM), NaH2PO4 (1.2 mM), glucose
contains other airways and arterioles which may themselvg46.7 mM), NaHCO3 (26.1 mM), Hepes (25.2mM), sodium
contract or even passively contribute to the e ective materiapyruvate (1mM), glutamine (2 mM), MEM-amino acids mixture
properties of surrounding tissues. Accordingly, detailedtispa (1:50), MEM-vitamins mixture (1:100,) penicillin (100 U/mL),
temporal maps of tissue deformation are necessary to elwidaand streptomycin (100g/mL), pHD 7.2.
the biomechanical aspects of airway-parenchymal interastio
and the inherent transmission of force. 2.1.3. Contraction Studies

Here, we describe the development and implementatiodhe response of lung slices were recorded after addition
of a strain mapping tool that provides spatial and temporalof the contractile agonist methacholine (MCh; T, ICN
data from PCLS video recordings. In a representative moudgiomedicals, Zoetermeer, Netherlands)t@tD O s, and then
PCLS they revealed heterogeneous strain proles aroundddition of the bitter taste receptor agonist chloroquineh(g;
distinct structural features that surround the contragin 10 3M, Sigma-Aldrich, Zwijndrecht, Netherlands) to induce
airway. These heterogeneities highlight the possibilitgisiinct ~ relaxation at; D 600 s (in the presence of MCh). As described
micromechanical environments for resident cells so thdisce previously, a nylon mesh and a metal washer were used to keep
may in turn respond heterogeneously depending on theithe lung slice in place. Bright eld images of the lung slicesav
location Bossé et al., 20).1Furthermore, the present analysis captured in time-lapse (1 frame per 2 s) with a resolution of 1280
technique promises to be highly useful in correlating lewidls 960 pxI (1.15 m/pxl) using an inverted microscope (Eclipse,
strain and structural remodeling in the airway and surroimgl ~ TS100; Nikon). Airway luminal area was quanti ed using image
parenchyma. acquisition software (NIS-elements; Nikon).

2.2. Strain and Displacement Maps Using

2. METHODS Image Analysis

2 1. Precisi . . This section details the determination of 2-dimensional eéim
e reCISlor_] Cut '-U”Q Slice Preparation dependent displacement and strain maps from video sequences

and Contraction Experiment of mouse PCLS. In order to calculate displacement and strain

2.1.1. Animals elds in a given video frame at a given time point, a number of

Homozygous, inbred, speci c-pathogen-free breeding ca@eni computational algorithms were developed; the overview of the

of C57BI/6NTac wild-type mice were obtained from Taconicwhole method is shown in Figures A-1, A-2 in the Appendix, as

Animals were housed conventionally under a 12-h light-darkwell as further details of the algorithms.

cycle and received food and watad libitum. All experiments

were performed in accordance with the national guidelined an2.2.1. Displacement Fields

approved by the University of Groningen Committee for Animal First, the frames were pre-processed with MATLAB to set the

Experimentation (DEC5463| and DEC6792A). length scale in m and stretch the range of pixel densities
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so that specic features became more prominent. This prethe eigenvalues in terms of the invariants,
processing step gave a list of the frame numbers and a series of

images corresponding to adjusted frames. Second, the Fackeb q 2
algorithm (Farneback, 20Q&s implemented in CC / OpenCV D 1 IT 4l 4)
was used to calculate an estimate of the displacement vector 2 '

between an initial (or reference) and nal image (the frame

of interest) for each of the pixels. Then, strain matriceseaverThe eigenvalues depend on a combination of the invariants and
determined at equally spaced points chosen across the image.are independent of the coordinate system used. Now

To do so, four displacement vectors around the point of interes

and central di erence methods were used to calculate derieat 12 4,D (En Ep)?C4E2, O (5)

in the horizontal and vertical directions from which the noaj

and minor eigenvectors and eigenvalues of the strain matri)s(,oin eneral there are two real eigenvalues. The onlv exceisti
were evaluated. The initial coordinates of the selected tppin g 9 ' y P

the components of the displacement vectors, the major an\cq’henEllD B2z, fpr which there |sarepegted elgeqvalue.
minor strain eigenvalues and the components of the major o .nd the eigenvectors the following equation must be
strain eigenvector were saved to be used in post-procesdingy. Tsolved.
sequence was repeated for each frame of interest. =9 E1 X 0
Finally, displacements and strains were displayed with Ei, Ex y D 0 - (6)
MATLAB and their value was set to zero where there was
no tissue. Displacement plots could either show arrows on @, ihe rst row, the unit eigenvectors satisfy
bright eld image (initial or nal) or display the magnitude
of the displacements in color maps. Major (radial) and )
minor (circumferential) strain eigenvalue distributiomgere also g (Erz Ery) _
displayed as color maps. Efz C( E11)2

2.2.2. Determining Strain Fields from Displacement ) ) ] )
Fields The second row provides an equivalent relationship. The

An alternative to plotting displacement elds is to plot strain ejgenvector could equally point in the opposite direction. The

elds. An advantage of analyzing strains over displacemests sign of the corresponding eigenvalue can be used to determine

that, if there is movement of a lung slice (relative to the eamn If the strain is expansive ¢ 0or compressive (< 0). we
position) that is not related to the contraction of the airwalye assumed that for a single contracted airway, a component of the

displacement eld will be a ected, but the strain eld will not. major principal strain points toward, rather than away frometh

We assume that displacements between two frames are knO\MH“en' In aII_ our res_ults we f_ound that our principal directisn
(as determined previously), where the coordinates are d=hot were essentially rad_lal and c_lrcumferent_|al; here_on weetioze
(X:Y) in the rst image and K y) in the second image. The refer to these as radial and circumferential directions.

deformation gradient tensor is given by 5 3. Radial Pro | f Strai
.3. Radial Proles o rain

2.3.1. Strain Kymographs
(1) The strain values plotted as maps were averaged along the
circumferential direction as a function of the distance teeth
airway edge. Each frame of the sequence was made binary with
The Lagrangian strain tensor is de nedBs (C  1)=2, where  the jumen in white (1) and the rest in black (0) and resized so
C F'Fistheright Cauchy-Green deformation tensor. Thus, as to match the dimensions of the corresponding strain maps.
| For each pixel out of the airway (0), the distance to the nearest

FD

Slesiel
ReRe

@2~ (9y2 a@c-~QaQ airway pixel (1) was computed and stored in a matrix of the same
Ei1 B2 (@°C (& 1 geCoea - O : . . . .
E D "% & o & S =2. dimension as the ones containing the radial and circumféegn
E1» E aa-~99 o o
12 =22 e Cae (@) Cl@” 1

strain values. The distance/strain couples were then sorted i
(giistance bins of 15 m and the mean of the corresponding
strain values for this bin was calculated. The results weea t
represented as series of line plots of the mean strain avesge a
a function of the distance to the airway, time being represdnt
by the color code of the lines. Alternatively a form of kymagh
) was plotted with the strain represented as a function of time on
(EnnCE) C(EnE Epp)DO; () thex-axis and the distance to the airway on traxis; the value of
the strain was color-coded at the corresponding coordinatbs
with coe cients given by the strain invarianty D E;1CExpand  graphic representation highlights how the strains were atler
I D E11Ep2 E%Z. Solving the characteristic polynomial yields during and after airway contraction and relaxation.

@)
One way to visualize the strain is to nd the eigenvalues an
eigenvectors oE so that the magnitude and direction of the
principal strains can be plotted. The characteristic polyndrioia
the tensor is
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2.3.2. Spokes Analysis challenge) are displayed using displacement vectdtgjare 2A
An alternative to nding strain elds across the whole images 10 min after MCh challenge. These are overlaid on top of
to determine the strains only at a selection of points alorgaes  the image of the contracted airway, with the boundary of the
normal to the lumen. To do this, the lumen area of airway inairway before contraction represented as a white dotted. line
the image had to be identi ed rst. An ellipse was tted to the As expected, these displacement vectors are oriented toward th
lumen of the airway in the rst frame. Two methods were used tocenter of the lumen. A map of displacement magnitude over the
estimate the position of the lumen and the best result wasahos entire PCLS Figure 2B) indicates, however, that although the
(A-1.2.1 in the Appendix). The area around the airway was splitargest displacements are in or near the airway wall, there are
into eight regions, within which we selected seven sets aftpoi signi cant non-zero displacements almost two airway-diaaret
radiating out from the lumen; multiple sets of points were usedengths away from the airway wall (to the left of the airway in
so that the average strain and variability could be deteadias (Figure 2B).
a function of distance from the lumen. Tissue displacements, observedrigure 2B, are determined
The Farneback algorithm (A-1.2.2 in the Appendix) was usedor the whole image and normalized to obtain strain maps.
to determine the displacements in the radial and circumféiegn The major and minor strains approximately represent the radial
directions at each point and these values were averagednwithaind circumferential strains respectivelyigure 3). We observe
each of the sections for each radial position, in order to reeno that their spatial distributions are clearly quantitativednd
small errors.The coordinates of four neighboring points &er qualitatively di erent (Figure 4). In particular we note that the
then determined for each of the points on the spokes. Thesdgeformations in the radial directions are essentially sties
were selected based on being a speci c distance away iR thgFigure 4A; positive major strains) whereas the deformations
or y direction. However, the coordinates of these surroundingn the circumferential directions are largely compressive
points were unlikely to be at integer values of pixels, in whici{Figure 4B, negative minor strains). In both cases, the largest
case hilinear interpolation of the displacement of the fowselst deformations are found along the airway wall, but hot spots
pixels was used rst to calculate estimates for the displacésnenof strains are also present in the parenchyfmure 5 (right)
at the surrounding points, then to derive the strain matrixs{og  highlights the heterogeneous distribution of the deforroas
central di erence methods to calculate derivatives) andlipéhe  over the parenchyma surrounding the airway, with some
mean of the radial and circumferential strain eigenvaluesdach regions being dominated by extension/stretch and others by
section. MATLAB was used to plot graphs of the section-averagemmpression.
strain as a function of distance from the lumen, which coukba To visualize the temporal evolution of strain distributiohgt
be used to show how the time-dependent distribution of averagdisplacements and strain maps were computed for each frame of
strain alters as the airway contracts. the 20 min contraction and relaxation movie, with respecthe t
reference image dp (see Movies in Supplementary Materials).
For each time point, major and minor strains are averaged
3. RESULTS circumferentially over pixels that are radially equidistart 18

3.1. Strain Maps Show Global dm intervfals) frorr? the airway Wag and plotted algng the radial
. . irection for each time point and superimposed diigure 5

Spatlo-TemporaI In uencc_a of Alrway . (left column). Again, the peaks of strain are found in the 100
Smooth Muscle Contraction on the Airway m region closest to the airway wall, with the radial strain
Wall and Parenchyma being mainly positive (expansive) and the circumferentiaistr
Bronchoconstriction in response to 16M methacholine (MCh), negative (compressive). The strain pro les however, show tha
followed by relaxation in response to 1 Chloroquine compression dominates in the 50n closest to the airway lumen
(ChQ) (in the presence of MCh) were recorded by phasevhereas stretch dominates between 50 and 18Daway from
contrast microscopy with example images before and at maximéhe lumen edge. The color code used to represent the time
contraction shown irFigure 1A The time-dependent change in indicates that in all cases, the strain magnitudes progrelsi
cross sectional area of the airwdgiqure B) matched previously increase until the addition of relaxant 5atD 600 s.
measured airway pro le changes (e.Bgrgner and Sanderson,  To better visualize the evolution of the strain pro les, the
2002; Wang et al., 208demonstrating features previously data are represented as kymograpkig{ire 5(middle column)].
pointed out byBergner and Sandersof2002 with an initial ~ We observe that at 90s, after the contraction starts, bothata
steep phase of fast narrowing, followed by a slower, asyneptotand circumferential strains over the entire PCLS indicdtatt
phase. We note that in this particular strain of mice, maximalithe large deformations observed in the vicinity of the aiywa
MCh-induced airway narrowing, as measured by luminal areayall propagate further away. Aligning the 2D plots with the
was achieved only on addition of ImM methacholine, althoughstandard contraction curves{gure 1B) enables us to (i) correlate
airway closure is nearly maximal at 0.1 mM (Figure S1) irthe lag time with the absence of deformation, (ii) correlate
Supplementary Material). Addition of ChQ in the presencethe early phase of fast narrowing with the rapid appearance of
of MCh induced complete bronchodilation in a series ofdeformations in the 100 m closest to the airway lumen, (iii)
experiments as shown in Figure S2 (Supplementary Material). observe the slower asymptotic phase of contraction from 400 to

Local displacement of small regions (77 pixels), computed 600s and (iv) correlate the rapid attenuation of the majoofy
with respect to a reference image (& right before the strain with addition of relaxant added after 600 s.
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A PCLS Movie B Airway Narrowing
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FIGURE 1 | Global analysis of the deformations of a 250 m mouse lung slice during agonist driven contraction with meth acholine (10 4M) and
subsequent bitter taste receptor agonist relaxation with ¢ hloroquine (10 3M), reveals the global behavior of the parenchyma. (A) Two frames of a phase

contrast PCLS movie selected beforety D 0s) and after contraction {; D 600s). (B) Airway caliber plotted as a function of time during contraéon and relaxation.

Plotting the strains at speci c distances from the lumen agepresent them as kymographshigure 7. As the parenchymal
a function of time Figure 5 (right column)], we observe that tissue is structurally heterogeneous, the spokes seleaeddr
there is some compressive radial strain at the lumen [greetihe airway intersect dierent structural features and hence
curve;Figure 5A (right column)] which is not visible in the left display di erent strain pro les. While most of these features
panel. Additionally we observe that although the radial isisa are physiological, some of them are modi ed during the slkicin
return to zero at the lumen upon addition of ChQ (green curve,procedure. For instance, blood vessels are known to contract
0 m), the regions further away from the lumen (blue curve,strongly in response to the slicing, disrupting the rather weak
30 m) retain a residual positive major strain a long time connective tissue tethering the blood vessel to the parenahy
after relaxant{ D 1200s) was added, suggesting some longéeaving behind spaces that appear to be lled by agarose. The
term structural changes. Furthermore, the circumferdrdteain  strains along three spokes going through the agarose sudiagn
remained signi cantly compressive at the lumen, and to adess the blood vessels (a, b, g) show high positive radial strains

extent further away from the lumen, &D 1200s. characteristic of large stretch in the close vicinity of thevay
lumen. Three spokes that intersect only alveolar tissue,(t), d
3.2. Spokes Analysis Reveals the In uence display roughly similar magnitudes of radial and circumfetiah

of Structural Heterogeneities on Strain §trains during the entire contragtionl event. .The spoke (e)
- . . ; intersects another smaller contractile airway, which tiyemects
Distribution in the Airway Wall and the corresponding strain prole in spatially distributing the
Parenchyma deformations between the main and the secondary airway wit
As an alternative to computing the displacements and straina slight domination of compression which persists as far as 400
across the whole eld, we compute displacements and strainsm from the lumen. In contrast, the spoke (h) passes through
along eight sets of spokes normal to the airway waifire 6 an adjoining blood vessel surrounded by agarose, which also
(center)]. Displacements averaged over each set of spokssooths the strain prole. During the relaxation phase, most
at maximum contraction, att; (Figures6a—f), reveal the of the strains disappear, except in the spokes (a, b, g). Along
heterogeneity observed fRigure 2 Within each set of spokes, these, one can observe residual positive strains, predontynant
we observe very small variability (as indicated by the erroin the radial direction. This suggests that the circumfeialty
bars on each line plot ifrigure 6a— but signi cantly di erent  averaged positive residual strains observed alféigeife 5(right
displacement pro les around the airway. column)] can be attributed speci cally to positive residuabsts
From these displacements we determine the time evolutioin this region of the tissue. Taken together, the strain pesl|
of radial and circumferential strain pro les in all directis and  show that the extent to which strain is transmitted from the
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FIGURE 3 | Schematic illustrating effect of contraction on an e lement

of tissue in the PCLS. Strains are decomposed into radial and
circumferential components associated with eigenvectorshat essentially point
in the radial and circumferential directions. Determinath of these eigenvector
directions allows the deformation to be described predomiantly as expansion
and compression with minimal shear (diagonal elements in éhstrain tensor,
E1; and Eys in (2), dominate over the off-diagonal elements;5).

FIGURE 2 | Global analysis of the deformations of the mouse lung s lice

in Figure 1. Displacement(A) vectors and (B) magnitude of small regions (7 FIGURE 4 | Global analysis of the deformations of the mouse lungs lice
7 pixels) of the slice computed between the reference (af) and the in Figure 1. (A) Radial (major) andB) circumferential (minor) strains
contracted state (att;). The boundary of the airway before contraction is calculated by spatial derivation of the displacements andidplayed as maps
represented as a white dashed line. See Movies M1, M2 (and Figes S3-S5 over the whole eld. See Movie M3 (and Figures S3-S5 for analgs of

for analyses of additional PCLS) in Supplementary Material additional PCLS) in Supplemental Material.

the phase contrast movies acquired after addition of coileac
"nd/or relaxing drugs to generate maps of displacement across
the whole slice. Sequences of strain maps or maps of normalized
deformations are then derived from the displacement maps. With
our computational strain-mapping tool, we provide access to
4. DISCUSSION the detailed mechanical response data in PCLS in the whole
airway-parenchymal tissue both globally and also along local
To date, most studies using PCLS have simply monitored airwayser-speci ed directions. The strain maps give an overview
caliber. Although, a few studies have extracted some ddtail of the deformations imposed by ASM contraction on the
strain data from PCLSAdler et al., 1998; Brook et al., 2010;airway wall, the tethers and the alveolar tissue. At maximum
Ma et al., 2013 these have been obtained by tracking speci acontraction, both radial and circumferential strains ariglher
landmarks in the tissue. In this study, by contrast, we préeserin the airway wall and on the tethers. However, the maps reveal
a computational strain-mapping tool that is able to characteri that these deformations are partly transmitted through thees
heretofore inaccessible mechanical events that beartljitggon  and that their distribution in the parenchymal tissue is high
the physiology of airway narrowing. In a representative mouséeterogeneous. Strain data are thus treated at two di ereales
PCLS, we illustrate how a variety of displacement and straiso as to derive global and local behaviors of the tissuesporee
measures can be visualized dynamically and quantitatively ito ASM contraction.
both the contracting airway and the surrounding parenchymal We rst extracted the global behavior of the radial and
tissue. Displacements of sub-regions of the slice are tdaoke circumferential strain pro les as a function of both time and

the structural heterogeneities present around the airwatiiey
physiological or experimentally-induced).
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FIGURE 5 | Global analysis of the deformations of the mouse lungs lice in Figure 1. Temporal evolution of(A) radial and (B) circumferential strains as a
function of distance from the airway. Left column: superimgsition of distance-strain line plots for increasing timesindicated by the colorbar (inset on top gure of left
column). Middle column: adapted kymographs showing magnitde of strain, as indicated by the colorbar to the right of eals gure. Right column: superimposition of
line plots showing temporal evolution of strain at 0, 15, 3045, and 60 m from the airway lumen.

FIGURE 6 | Local quantitative analysis of the mouse lung slice (central image) from Figure 1 at peak contraction following app lication of agonist.

Inward radial displacements are plotted as a function of disince from the airway lumen for each of the eight sets of indepelent spokes (a — h) shown on the central
image. Spokesa, b, and g go through the highly collagenous part on the edge of a blood @ssel; spokesc, d, and f go through alveolar tissue, spokee intersects
another small contractile airway anch goes through a blood vessel.

space Figure 4). In the present representative mouse slice, th@bout 1 min after addition of the contractile agonist, and
maximum deformation appears at the airway lumen, where thessentially manifests as a radial expansion and a circunifakren
ASM is located (due to contraction, triggered by methaal)j compression. In the radial direction, a sharp drop in stran i
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FIGURE 7 | Local quantitative analysis of a mouse lung slice (c  entral image) from Figure 1  during agonist driven contraction. Radial and circumferetral strain
kymographs are plotted as a function of both time and distane from the airway lumen for each of the eight sets of independ# spokes (a —h) shown on the central
image. Spokesa, b, and g go through the highly collagenous part on the edge of a blood essel; spokesc, d, and f go through alveolar tissue, spokee intersects
another small contractile airway anch goes through a blood vessel.

observed, starting from 120m away from the airway lumen, It is also possible that the strain pro le depends on a possible
but the non-zero strain values observed at larger distafroes  heterogeneous distribution of ASM bundles around the ayrwa
the lumen indicate that deformations are partially transmittto  lumen; the larger strains observed in the upper left part of the
the parenchymal tissue during bronchoconstrictidfigure 5).  tissue adjacent to the airway may be due to larger amounts
After addition of the bitter taste receptor agonist, chlovige, of ASM there than in the lower part of the airway. In any
to relax the ASM cells, the small strains quickly disappeahé t case these heterogeneous strain pro les [that emerge fran th
parenchyma but a residual radial stretch remains in the AS&hev integrative response of both force generation and localfiataée
after 10 min. This sustained mechanical response is completedyi nesses (iorns et al., 201j are likely to provide distinct
missed if only the airway caliber is measured. micromechanical environments for resident cells that may in
We also extracted the local displacemdfig(re 6) and strain  turn respond heterogeneously depending on their locat®ogsée
pro les as a function of time and spac&igure 7) in order to  etal., 201).
investigate the heterogeneities revealed by the strain mMaese As with many image analysis methods, robust mechanical
heterogeneous patterns are likely to be linked to the mea@ni studies on PCLS require samples and contraction experiments
and structural heterogeneities of the underlying tissuneleled, of high quality. Therefore, strain map users have to be aware of
sti er tissue is subject to relatively small deformationslatively  the limitations associated with both PCLS harvesting andgm
high stresses and transmits the force generated by theactiie  acquisition during contraction experiments when interpregi
ASM, whereas softer tissue is subject to large deformatinds athe results. For example, the vascular smooth muscle in blood
cannot transmit the same levels of force. Furthermore, othevessels are known to spontaneously contract before the slicing
contractile airways in the neighborhood of the airway ofirgst process, which causes disruption of tethers connecting blood
a ect the strain distribution as they contribute to additiah vessels to surrounding parenchymal tissue which show up in
load and sti er tissue. This structural aspect is striking st  the image as large white areas lled with agaroSigre 2A).
representative mouse sliceigure 7), where three blood vessels Agarose being relatively sti compared to the rest of the alae
and a smaller contractile airway surround a large bronchiatissue, the positive major strains (predominantly stretctthie
airway. Strain pro les computed in spokes that traverse theseadial direction) indicate that tissue is rather squeezetiveen
particular features of the tissue, show very di erent behavio the airway wall and the edge of the large agarose area, whereas
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the negative minor strains (compression in the circumferant transpulmonary pressure variations on bronchoconstriction b
direction) are also observed in the center of the collapseddl adapting cell mapping rheometry for use with PCLS. Such studies
vesselsHigure 7). The arti cial presence of agarose around thecan bene t from strain mapping; rst to calibrate the stretch
blood vessels in the tissue thus generates strain patteatgth device through a precise measurement of the strains imposed
likely not physiologically relevanin vivo. Injection of gelatin on the soft substrate; then to quantify the deformations o t
into the vasculature during lung harvesting may prevent thisPCLS in response to those strains. The predictive capabitities
phenomenon Perez and Sanderson, 2005; Wang et al., Y00&omputational models, developed to understand airway tissue
Additionally the presence of agarose in the parenchymal space®echanics (e.ghliorns et al., 201ytand airway-parenchymal
will contribute viscoelastic components not ordinarily peesin  interdependencel(a et al., 2013 can be further enhanced by
vivo (Brook et al., 2010; Ma et al., 201Bus modifying e ective  quantitative validation using additional data provided hyet
mechanical properties and dynamic response of the parenchymstrain-mapping method.
tissue. It is also vitally important to ensure that the edgés o Further work is required to investigate whether residual
the PCLS during the contraction experiment are held down tcstrains observed are due to sustained mechanical change or
prevent sliding of the slice and therefore control the bouryda length adaptation. If presenin vivo, this is likely to trigger
conditions of the system. This is currently done with a mesti a mechanotransduction pathways responsible for longer term
a washer. Acquiring the contraction movie with high res@at  modi cation of cellular and extracellular properties as well as
and low magni cation is preferable in order to capture enoughstructural changes termed airway remodelihgpple et al., 2014
of the parenchymal tissue surrounding the airway of interestSuch remodeling of the ASM compartment is a hallmark of lung
Although, strain maps can be derived from any set of contoacti diseases such as asthmkr(ies et al., 2009; Brightling et al.,
images as illustrated in additional examples in the Suppleargnt 2012; Gosens and Grainge, 2))nd COPD Bidan et al., 2015
Material (Figures S3-S5) the signi cant structural vailidpseen  When combined with biological markers of remodeling (such
in all the PCLS has precluded the derivation of a single globals contraction-driven activation of TGF-(Tatler et al., 2011;
metric that can capture the di erent strain distributions adbwed  Oenema et al., 20),3the present analysis technique promises
around just one airway. Finally, our approach for image analysito be highly useful in correlating levels of deformationsdan
was developed and validated speci cally on bright- eld image remodeling in the airway and surrounding parenchyma. Intgrn
In future, we intend to expand its use to phase contrast imagestresses in response to tissue strains, which are experitlyenta
that have signi cantly higher contrast and increased ¢iari inaccessible but can be predicted using validated moégtsifs

The mechanisms of bronchodilator-induced airway dilation et al., 201} will play an important role in understanding the
including the intracellular signaling events that thesbstances nature of the micromechanical environmeintvivo.
activate in the ASM cells or lung tissue, are likely to vatyeen Many lung diseases such as asthma and COPD are
each class of bronchodilator and are di erent to those thatsea characterized by airway hyper-responsiveness and structura
airway dilation due to bronchoconstrictor degradationge.by changes in the airway (remodeling) or the parenchymal tissue
esterases in the tissue) or withdrawal. However, our primarfemphysema). We believe the strain-mapping tool we have
aim was to demonstrate how our computational tool allows usieveloped could enable characterization of the mechanical
to assess residual strains after a full cycle of constricdind aspects of such pathophysiology in human PCLS. The evident
dilation, regardless of the underlying chemical pathwayat th wide use [deld et al., 1999; Wohlsen et al., 2003; Bai and
have induced them. Indeed these data remain to be veri edanorSanderson, 2006; Dassow et al., 2010; Sanderson, 20Epuschl
broadly with other bronchodilator pathways in future stuslie et al.,, 2011, 2012; Seehase et al., 2011; Lavoie et al., 2012;

Methods for determination of local tissue distortions haveDavidovich et al., 20)3and need to characterize the mechanics
been previously developed Iyalcolm et al.(2009 and used of airway tissue, Adler et al., 1998; Brook et al., 2010;
in some PCLS studies (e.gdler et al., 1998; Brook et al.,, Ma et al., 201B suggests that making the strain mapping
2010; Ma et al., 20).3This technique, mentioned above, requirescomputational tool widely available will benet researcher
identi cation of visually obvious anatomical landmarksoaind  within the ASM, asthma and COPD communities. Moreover,
the image, the changing positions of which are then trackethe method proposed in this work can be easily adapted to
through the sequence of images until contraction is completegny other type of precision cut slices focusing on contracting
displacement vectors are then determined between the stambllow organs like the gut, bladder, uterus, or the vascular
and end positions of the landmark. The technique we haveystem, and the associated pathologies related to theiraciie
exploited and further developed, however, is able to deteeminbehavior.
the displacement vectors and strain elds over the entiregma
without need to select landmarks, allowing for more systétna
interrogation of the underlying data (such as through thelg® AUTHOR CONTRIBUTIONS
analysis we have developed). A similar strain-mapping teakaiq
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