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Abstract. In the study of developmental biology, the physical properties and constraints of the developing
tissues are of great importance. In spite of this, not much is known about the elastic properties of biologically
relevant tissues that are studied in biology labs. Here, we characterize properties of the wing imaginal disc
of Drosophila, which is a precursor organ intensely studied in the framework of growth control and cell
polarity. In order to determine the possibility of measuring mechanical stresses inside the tissue during
development, we quantify the photo-elastic properties of the tissue by direct mechanical manipulation. We

obtain a photo-elastic constant of 2 x 107'° Pa™".

1 Introduction

Since the time of D’Arcy Wentworth Thompson, the phys-
ical constraints on a developing organism have been taken
to strongly influence the growth and shape of the final
organism [1]. Recently, many specific instances have been
found, where mechanical effects influence cell differentia-
tion and growth control in developmental biology [2]. This
ranges from the formation of shoots in plant growth [3],
to the network formation of tubes in the tracheal system
of Drosophila [4], to bone calcification [5] or the cell spec-
ification in the formation of joints [6]. While there is a
host of information on genetic influences in all of these
systems, the corresponding mechanical properties are not
well characterized and only in very few cases have they
been determined experimentally [7-9]. In addition, during
development one would like to have a measure of forces
exerted by the growth on the tissue in order to study
the feedback implied by mechanical growth control. This
should be obtained non-invasively, such as to not disturb
the developmental process. For this purpose, so far one
only studies strain fields or strain rates of a tissue [10],
which however only indirectly —via an elastic modulus—
give information about the forces present. An alternative
would be to determine stresses photo-elastically, i.e. by
measuring the change in birefringence of a tissue in re-
sponse to a stress [11].

Another instance, where mechanical forces have been
implicated, is the growth of the wing imaginal disc of
Drosophila [12-14]. This is a precursor organ which will
turn into the wing of the adult fly during metamorpho-
sis [15]. The wing imaginal disc forms a reasonably flat,
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epithelial tissue, which is made from two different layers
of cells, the peripodial membrane and the columnar layer.
These two layers are fundamentally different and most of
the mass of the disc is in the columnar layer, where cells
are packed very tightly. This implies that the cell bodies
form highly irregular structures, often packing several nu-
clei on top of each other [16]. On the other hand, on the
side of the columnar layer closest to the peripodial mem-
brane, there is a rather ordered two-dimensional surface.
This is due to the presence of binding proteins only in this
apical region of the cells, which gives structural stability
to the cell contacts. Thus the topology and structural in-
tegrity of the wing imaginal disc can be described by a
quasi-two-dimensional structure encompassing this apical
region of the columnar layer. This has been modeled in
a manner akin to two-dimensional foams [17], which has
shown that the mechanical properties of the tissue are
important [16,18].

While there have been many studies on the genetics of
growth regulation in the wing imaginal disc [19,20], phys-
ical measurements are scarce. Experimentally, the work
was limited to two cases. In the first case, laser ablation
of cell contacts was used to asses the binding forces be-
tween cells in the tissue, which can be used as model in-
puts [18,21]. In the second case, photo-elasticity was used
to asses the stresses present during development, where an
inhomogeneous distribution of stresses inside the disc was
found with high retardance in the centre of the wing pouch
indicating compressional stress [22]. Both this stress and
its inhomogeneity increase as the wing disc grows. This is
in agreement with the predictions of models of the size of a
wing disc [13,14]. However in that work, the photo-elastic
properties of the tissue were not determined, such that a
quantitative comparison with any model is not possible.
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Here, we present a setup and initial measurements to
determine the photo-elastic properties of wing disc tis-
sue. Using a cantilever-type setup with which to apply
controlled forces in the range of 1 uN to 1mN in concur-
rent measurement of retardance, we are able to determine
the overall tissue photo-elasticity. Due to possible inhomo-
geneities in the elastic properties of the tissue, local vari-
ations may exist that need further clarifying work. Below,
we will present the forcing setup in detail as well as discuss
its limitations and advantages. Moreover, we will discuss
the principle behind the retardance measurements. These
are carried out using a novel instrument capable of an ac-
curate determination of the value of the retardance as well
as its orientation in conjunction with a wide field micro-
scope thus allowing fast measurements. After the presen-
tation of these experimental setups, we will discuss initial
measurements characterizing the photo-elastic response of
the tissue and thus allowing a determination of an av-
erage photo-elastic constant. We conclude by comparing
our findings with those previously obtained on retardance
measurements in wing discs as well as general considera-
tions of possible viscous properties of the wing disc and
the corresponding time scales.

2 Experimental setup

The birefringent properties of the wing imaginal discs are
measured using a Polscope from CRI [23]. In this way, it
is possible not only to measure the absolute value of the
retardance, but also its orientation. The principle behind
the measurement is to obtain a set of four intensities at
different angles between the polarizer and analyzer and
from this calculate the full polarization ellipsoid. This is
similar to a setup previously developed for the direct study
of magnetic fields using the Faraday effect [24]. Since this
allows a direct measurement of the polarization change of
the light, as opposed to a quadratic one, which would be
the case by a single intensity measurement, it yields much
more accurate results [23,24]. In addition to the more ac-
curate determination, the measurement of four different
phase states allows a full determination of the polariza-
tion ellipsoid, which in the birefringence corresponds to a
characterization of its orientation. In a photo-elastic ex-
periment a change in birefringence, dn, is induced in the
direction given by that of an applied stress [25], i.e.

5n:c(01 —0’2). (1)

Here, 01,05 are the principle components of the stress,
which are at right angles. Since the change in birefringence
can be measured in a particular direction, i.e. the one
in which the stress is applied experimentally, this allows
a direct determination of the photo-elastic constant ¢ of
the material. Below we will determine an averaged photo-
elastic constant for tissue of the wing imaginal disc. Lo-
cal inhomogeneities might lead to a distribution of photo-
elastic constants, which cannot be determined in this way.
Such a local variation is however measurable when taking
into account the change in orientation of the retardance
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Fig. 1. Schematic of the mechanical forcing setup. A top view
is shown in a), while a side view is shown in b). The wing
disc (grey) is attached to two glass cover slides, one of which
is attached to a surface. The other cover slide is fixed to a
spring sheet, which is forced by a translation stage at a given
distance. This gives a controllable force ranging from 1 uN to
several mN, which is ideally suited to study epithelial tissues.

signal in addition to its absolute value. This orientation
would have to be correlated with the direction given by
the external force. For this purpose, one would have to
relate local variations in both retardance and orientation
with the measured strain. Since here we are only interested
in the macroscopic strain and its corresponding stress, we
take the photo-elastic constant to be an effective constant
of the whole tissue. Still, the changes in retardance we ob-
serve are correlated in orientation with the applied force
indicating a certain degree of homogeneity of the tissue.
A schematic of the setup is drawn in fig. 1. In order
to apply a controlled force onto the wing imaginal discs,
the discs were attached to two separate cover slips using
poly-lysine solution. This leads to an electrostatic attrac-
tion of the tissue to the cover slip and thus an efficient
fixation. While one of these cover slips is fixed, the other
is attached to a sheet of spring steel at a right angle. Due
to the geometric measures and the bending stiffness of
the spring sheet, a calibrated force can be exerted on the
cover slip and hence the wing disc by bending the spring
sheet. For this purpose we have used a translation stage
capable of resolving movements down to a micron with a
travel range of several mm. Given the point of contact of
the translation stage with the spring sheet, we can easily
calculate the force exerted on the wing disc from classical
elasticity [26]:
F=—-— 6ET d. (2)
w?(L — w)
Here, E = 2 x 10'! Pa is Young’s modulus of the spring
sheet, I = a3b/12 is the area moment of inertia of the sheet
with a thickness of @ = 40 ym and a width of b = 1.1 cm.
Furthermore, L = 12cm is the total length of the sheet
and w = 4cm is the point of contact with the translation
stage. Finally, d is the distance traveled by the translation
stage. Taking these data on the spring sheet together yield
a bending spring constant of 0.55 N/m, such that the setup
is capable of exerting forces between 1 uN and several mN.
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Fig. 2. (Colour on-line) The retardance map of a wild type
wing disc is shown on the right, whereas the same disc is shown
after uncontrolled stretching on the left. The results are similar
to those found previously on longer time scales and using a
different setup. The color map indicates retardance changing
from O nm (black) to 10nm (red). For a determination of photo-
elastic properties, the stretching needs to be performed in a
quantitative manner.

This should be the right order of magnitude in order to
significantly stretch the tissue of a wing disc.

In order to determine the photo-elastic response of the
wing disc tissue, the polscope setup and the mechanical
pulling setup have to be combined. Installing the polscope
setup on an inverted microscope (Olympus IX-71) allows
for such a combination due to the access for manipulation
on top of the microscope objectives. Thus in our setup
we are able to exert controlled forces onto wing disc tis-
sue while simultaneously measuring the ensuing change
in birefringence, both in the value of the retardance as
well as in its orientation. However, to determine a photo-
elastic constant, ¢, of the tissue, its geometry needs to
be taken into account as well. This is because the photo-
elastic constant relates an applied stress to the ensuing
birefringence rather than an applied force to a measured
retardance. The stress is given by the force divided by the
cross-sectional area, o = F/(h X y), with h the thickness
of the disc and y its width. Moreover, the retardance is
given by the birefringence times the thickness, § = dn x h.
Therefore, the only additional quantity needed to deter-
mine the photo-elastic constant is the width of the stressed
region of tissue as the thickness in the stress and the bire-
fringence cancels. This width can be easily measured in
our wide-field microscope.

3 Results

In order to test and calibrate the setup for retardance
measurement, we have repeated the experiments of [22]
and determined the retardance map both in untreated
and manually stretched wing discs. The results are shown
in fig. 2. For the untreated disc, the peak retardance of
10 nm corresponds to the same value as found for this size
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in [22]. Similarly, we find the same size dependence of the
peak retardance and relaxation of the stress upon cut-
ting of the discs. Moreover, as shown in fig. 2, the results
on the retardance reduction in the stretched disc are in
good, quantitative agreement with the previous findings.
In these unattached discs, the stretching changes the peak
retardance by as much as 3nm for a significant stretching.
This results in a strain relative photo-elastic constant of
~ 1074, which considering typical photo-elastic materials,
is quite small [27]. However, as mentioned above, in this
stretching, the force is not known, such that no statements
about the present stresses can be made.

For this purpose, we have used the pulling setup de-
scribed above, compressing and stretching wing discs with
a controlled force exerted by the spring sheet. Typical re-
sults for different mechanical forcing are shown in fig. 3.
Here, the retardance map is somewhat different from the
unattached discs, which could be due to the fact that
the attachment with poly-lysine also exerts mechanical
stresses locally. In the figure, three different stages of the
experiment can be seen, corresponding to a compression of
the wing disc with a force of 300 uN (top), a slight stretch-
ing (80 uN, middle) and strong stretching at 500 uN (bot-
tom). As can be seen from the different panels, the retar-
dance in the three cases differs within the tissue. We have
averaged the retardance over the central area of the pulled
disc tissue and find values of 2.9nm in the compressed
case, 2.5nm in the marginally stretched case and 2.1nm
in the fully stretched case. In all of the cases, the orienta-
tion of the retardance is roughly parallel to the direction
of the force, indicating that the change in retardance can
be directly related to the applied force. Given the width
of the stretched region of y ~ 200 um, the photo-elastic
constant is obtained from the ratio of the change in bire-
fringence to that in stress (eq. (1)). In combination with
the geometric relations given above this is related to the
ratio of retardance change Ad, to the change in force AF,

c=yA§/AF =2 x 10" Pa~!, (3)

both for compression and stretching. This is comparable
to typical values of photo-elastic constants for crystalline
materials [27,28]. The fact that the strain relative photo-
elastic constant is much smaller than typical materials
points to the softness of the tissue and the correspond-
ingly small elastic modulus.

In some of our experiments, the force of attachment on
the cover slide was comparable to the force exerted by the
spring sheet. This led to a detachment of the wing disc
after having been subject to a stretching force for several
minutes to half an hour. As can be seen from fig. 4, such
detached wing discs revert to their original size, which
takes place over the course of 2-3 seconds. The slight dif-
ference in appearance visible in fig. 4 is due to the fact that
the unattached side of the disc can move in the z-direction
bringing it out of focus and thus changing the form some-
what. This implies that on the time-scale of half an hour,
the tissue does act elastically. In fact, a force extension
curve of a typical wing disc is rather linear, as can be seen
in fig. 5, with an effective spring constant of 5(1) N/m.
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Fig. 3. (Colour on-line) The retardance map of a wing disc
at different levels of stretching in the y-direction. The scale
bar indicates a distance of 100 um and the color map indicates
retardance, changing from Onm (black) to 10nm (red). In the
top figure, the disc is compressed with a force of 300 uN, while
in the middle panel the disc is roughly in its initial state with
a stretching force of about 80 uN. The bottom figure shows
a stretched wing disc at a force of 500 uN. Note that for an
accurate determination of the changes in retardance that can
be seen in the figure, proper averages over the stretched tissues
need to be taken. The resulting differences are of the order of
0.5nm, with an increase in retardance for compressional stress
and a decrease for tensional stress.

This directly corresponds to a Young’s modulus of the or-
der of 10° Pa. Compared to other tissues, which have been
studied experimentally [7-9], this is rather large implying
a more elastic behaviour of wing discs than of other tis-
sues. It should be noted, however, that all of these inves-
tigations were done on embryonic tissues, which is not the
case for wing imaginal discs. For instance, the mechani-
cal fluctuations in the larva when feeding and moving are
much higher than in the embryo, thus invoking stronger
tissues. This is corroborated by moduli of adult tissues,
such as blood vessels, skin or muscle, which range between
10° and 10° Pa [29,30], comparable to our results.
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Fig. 4. A stretched wing disc that has been detached from
the cover slide (bottom). As can be seen from comparison with
the situation before stretching (top), the disc reverts to its
original shape and size in spite of having been stretched sub-
stantially, shown in the middle panel. The discrepancy in form
is explained by the fact that the unattached part of the disc
is free to move in the z-direction, thus losing the focus. This
indicates that on the corresponding time scale of half an hour
and for strains as big as 0.3, the disc behaves elastically.

4 Conclusions

We have presented a setup for the determination of the
elastic properties of epithelial tissues, such as that of the
wing imaginal disc of Drosophila, where we have also per-
formed initial experiments. These mechanical properties
include photo-elastic properties due to the combination of
the setup with an automated polarization microscope ca-
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Fig. 5. Force extension curve of a wing imaginal disc. The
extension is taken starting from the relaxed state. This implies
a high spring constant of wing disc tissue as compared to other
samples [7-9].

pable of determining the retardance of a sample to high
accuracy. For the wing imaginal disc, we have found a
value of the photo-elastic constant of 2x1071% Pa~!, which
is comparable to typical photo-elastic materials. Given
the softness of the wing disc tissue, the relative photo-
elasticity is quite small and would be of the order of 10~%.
Furthermore, we have determined an effective spring con-
stant of the wing disc, where we find a value of 5(1) N/m,
which is considerably higher than the values for other,
embryonic, tissues in the literature [7,9] and lies more in
the range of adult tissues or muscle [29,30]. This could
imply that the wing disc acts more elastically than em-
bryonic tissues, which is indeed consistent with our ob-
servation that a detached wing disc reverts back to its
original shape even after having been stretched for almost
half an hour. This much more elastic behaviour might be
connected to the mechanical feedback implied in the size
models suggesting a role for forces that are built up during
development [13,14]. For a rather viscous material, such
as those found in embyonic tissues [7,9], it would be much
more difficult to arrange for this. A detailed study of the
molecular mechanisms behind this elasticity remains for
future investigations.

This work was supported by SystemsX.ch in the framework of
the WingX RTD, as well as the University research priority
programme in systems biology of the University of Zurich. We
would also like to thank Tinri Aegerter-Wilmsen and Ulrike
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here.
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