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Chapter Il. SHORT-LIVED CELL-CELL INTERACTIONS FOSTER
TRANSPORT-LIMITED CELL AGGREGATION: BIPHASIC
DEPENDENCE OF AGGREGATION DYNAMICS ON SUBSTRATUM

ADHESIVITY

1. Abstract

Multicellular aggregation is fundamental to development and tissue repair.'> The
classical equilibrium model for multicellular aggregation is based on differential cell
adhesivity to its neighbors versus the underlying substratum.*® In many biological
contexts, however, dynamics is critical. Here, we demonstrate that multicellular
aggregation dynamics involves both local adhesive interactions and transport by cell
migration. Quantitative measurements by time-lapse video microscopy reveal that the
lifetime of cell-cell interactions is shorter than the mean time between cell-cell collisions,
suggesting aggregation may be transport-limited. Consistent with this hypothesis, the
transient aggregate size exhibits a biphasic dependence on substratum adhesivity,
matching independent measurements of the trend in cell migration speed. These results
demonstrate that cell aggregation adheres to a transport-reaction model ascribed widely

® Our findings have implications for the role of cell

to physicochemical systems.”
motility during developmental aggregation processes and provide design principles for

tuning aggregation dynamics in applications such as tissue engineering.

Manuscript submitted for publication (April 2010).
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2. Main Text

Multicellular aggregation is fundamental to embryonic development and tissue
repair,”” and the loss of aggregate integrity is associated with pathologies such as
metastasis.” The classical paradigm is that the equilibrium state of aggregation is
determined by minimizing the adhesive free energy of the system.*® This model predicts
that if the cumulative strength of cell-cell adhesion (as quantified by the number and
affinity of receptor-ligand bonds) exceeds the strength of cell-substratum adhesion, cells
will organize into aggregates. Conversely, if the strength of cell-substratum adhesion
exceeds the strength of cell-cell adhesion, cells will adopt a dispersed phenotype. This
monotonic relationship between aggregation and substratum adhesivity has been
demonstrated experimentally.® When cells of equal cohesivity are employed, those

seeded onto weakly adhesive substrata aggregate while those seeded onto highly adhesive

substrata dissociate.

In many biological contexts, however, the dynamics of aggregation is likely to be
critical. The development of tissues and organs proceeds through multiple stages, and
each step, such as multicellular aggregation, must be accomplished within a defined time
window. When considering dynamics, it is well-established in physicochemical systems
ranging from colloids’ to atmospheric chemistry® that aggregation must be viewed as a
two-step process (Figure II-1). The individual particles must first “find” each other (a
transport step) and then form stable contacts (a reaction step). Aggregation dynamics is
dictated by the slower of the two steps. It remains to be elucidated, however, whether

cellular aggregation dynamics follows a similar principle.
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Figure 11-1. Two-step model for multicellular aggregation dynamics.

(a) To form aggregates, distant cells must first move close together (a transport step) and
then undertake reversible cell-cell interactions (a reaction step). Transport occurs by cell
migration, and the mean time to collide (tmoiiiyy) depends on the mean initial spacing
between cells (L,) and the speed and persistence of cell movement. Meanwhile, the local
cell-cell interaction involves adhesion (t,,) and detachment (tor). (b) Timelapse images
of migrating MDCK cells show the initiation of cell-cell contact (open arrowhead) and
the subsequent detachment (closed arrowhead). Because t,, and t.r cannot be
distinguished experimentally, timelapse images were used to quantify the total duration
of cell-cell interactions (tadnesion) @s @ lumped measure of t,, and tog. Scale bar, 25 pm.

It is currently difficult to evaluate whether transport by cell migration or local
cell-cell “reactivity” is the rate-limiting step in multicellular aggregation. In contrast to
the large body of quantitative studies of cell migration'', to our knowledge, there is
currently no evaluation of the timescale on which migrating cells “react” to form
intercellular contacts. Although cell-cell contact dynamics has been studied for cells

brought together with micropipettes'?, interactions between migrating cells are likely to
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be significantly different. Migrating cells interact with each other while concomitantly
adhering to an underlying substratum. Furthermore, these cell-cell and cell-substratum
adhesions involve common molecular components and physical machinery, such as actin

and cell-generated contractile forces, respectively.' '

To quantify the dynamics of cell-cell interactions, we identified cell-cell
collisions in time-lapse videos and recorded the duration of intercellular contact. These
measurements were performed using substrata coated with different amounts of the
adhesion ligand laminin (Ln) in order to better understand how varying substratum
adhesivity affects the lifetime of cell-cell interactions. We observe that the mean lifetime
of cell-cell interactions (tadhesion) €xhibits a monotonic dependence on substratum
adhesivity (Figure II-2). Increasing adhesion ligand density reduces the lifetime of cell-
cell interactions: tadnesion 18 Nearly 600 min on substrata of low adhesivity and is reduced
to approximately 200 min on substrata of high adhesivity. To confirm that our
measurements are capturing specific cell-cell interactions, we treated cells with an
antibody (DECMA) that blocks E-cadherin, a cell surface receptor that mediates
intercellular adhesion. Treatment with DECMA reduces tagnesion cOmpared to treatment
with a non-specific IgG control, confirming that E-cadherin is involved in mediating

these cell-cell interactions (Figure 11-4, Supplemental Data).
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Figure 11-2. The dependence of timescales of local cell-cell reactivity (tadhesion)
and transport (tmotility) on substratum adhesivity.

The duration of cell-cell interactions (tagnesion) @and the mean time for nearest neighbors to
collide (tmoiliy) were quantified for substrata prepared with different coating
concentrations of Ln. Error bars, SEM (n = 2-3).

To assess how the measured lifetime of cell-cell interactions compares with the
timescale of transport, we next examined cell migration on Ln-coated substrata. Cell
migration in an isotropic environment exhibits an unbiased persistent random walk
characterized by a diffusivity or motility coefficient (i) that is related to the speed (S)
and directional persistence (P) of cell movement.'> '® Migrating cells were tracked using
time-lapse video microscopy, and cell speed was determined by fitting mean squared
displacements to a persistent random walk model. Cell speed exhibits the expected
biphasic dependence on substratum adhesivity.'' In our system, the peak cell speed was
0.77 £ 0.09 pm/min on substrata coated with 10 pg/mL Ln (Figure II-5, Supplemental
Data). The measured values of S and P (29.1 = 6.4 min) are consistent with published

values for epithelial cell lines.'”"
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Using these values for S and P, we calculated the mean time required for a cell to
collide with its nearest neighbor (tmoiiy = Loz/u) where L, ~ 108 pm is the mean
intercellular spacing based on the initial cell density of 8.5 x 10° cells/cm? and the
motility coefficient p is equal to S?P. This time scale for transport exhibits a biphasic
dependence on substratum adhesivity; therefore cell-cell collisions are infrequent on
substrata of low and high adhesivity (tmosiey = 6.1 £ 1.8 x 10° and 1.3 + 0.6 x 10° min,
respectively) and occur with greatest frequency on substrata of moderate adhesivity

(tmotility = 6.8 = 3.2 x 10% min) (Figure II-2).

Comparing the measured time scales of transport and local reactivity reveals that
tmotiliy 1S greater than tugnesion across the complete range of Ln coating concentrations.
Therefore, if multicellular systems follow the general two-step principle of aggregation
dynamics, we would expect aggregation dynamics to exhibit a biphasic dependence on
substratum adhesivity. Testing this hypothesis, however, is not straightforward. Varying
substratum adhesivity will affect the number of seeded cells that attach to the substratum,
thereby introducing unwanted differences in initial intercellular spacing. In addition,
adequate time must be allowed for cells to attach to the substratum — a particularly
important concern for substrata of low adhesivity. Furthermore, any non-adherent cells
must be removed to ensure that the observed multicellular aggregation is the result of
collisions between adherent, migrating cells and not between drifting cells in suspension.
Guided by these and other considerations, we developed a rigorous protocol for studying

the effect of substratum adhesivity on multicellular aggregation dynamics (Supplemental



16

Methods). Our method yields highly uniform initial conditions: for all Ln coating
concentrations, the initial density of substratum-attached cells was 8.5 + 0.2 x 10° #/cm?

(Table II-1, Supplemental Data).

To quantify aggregate sizes, two-channel fluorescence images were acquired of
multicellular aggregates stained with a nuclear and cell membrane marker. The mean
number of cells per aggregate was determined using previously described automated
image processing techniques.”®  We first performed a time course study to identify an
appropriate time-point at which to examine the dynamics of our system. Mean aggregate
size was found to increase monotonically with time until reaching a plateau after 20 h of
incubation (Figure II-6, Supplemental Data). Therefore, we selected 15 h as an

appropriate incubation time for capturing aggregation dynamics.

The mean aggregate size at 15 h exhibits a biphasic dependence on substratum
adhesivity (Figure II-3). Moreover, the maximum aggregate size occurs at the Ln coating
concentration of 10 pg/ml, matching the conditions at which cell speed is maximum.
These findings are consistent with a two-step physiochemical model for multicellular
aggregation dynamics. Furthermore, these data demonstrate that the time scale of local
reactivity is sufficiently fast (200-600 min) to render aggregation dynamics transport-
limited. The consequence is that aggregation dynamics follows a non-monotonic
dependence on substratum adhesivity, qualitatively contrary to the equilibrium

perspective of the differential adhesion paradigm.
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Figure 11-3. Biphasic dependence of aggregate size on substratum adhesivity:
evidence for motility-limited aggregation dynamics.

The mean aggregate size (# cells per aggregate) was quantified at initial time (0 h) and 15
h after the attachment of MDCK cells to Ln-coated substrata. Error bars, SEM (n = 3-4).
*, p <0.05 in comparing to the 10 pg/mL condition.

Our findings establish a key role for cell motility in multicellular aggregation.
Evidence is also mounting for the role of cell motility in mediating another multicellular
process: cell sorting of heterogeneous cell populations. Though proposed years ago as a
potential mediator of cell sorting, differential motility has only recently been discussed as

21,22 A recent mathematical model of

a driving mechanism for this phenomenon.
Dictyostelium slug formation, for example, demonstrates that motility differences among
cell types are sufficient to create the defined spatial pattern of cells observed in migrating
slugs.” In addition, cellular rearrangements within epithelial tissues have been attributed
to differential motility: cells expressing high levels of the enzyme MMP14, which
preferentially localize to the tip of epithelial tubes, were found to be faster and more

19

directionally persistent than their low-expressing counterparts. ~ These studies of cell
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sorting together with our results pertaining to cellular aggregation demonstrate the

emerging importance of cell motility in the dynamics of multicellular re-arrangements.

In addition to natural developmental processes, our findings have direct
implications for tissue engineering. Although engineering biomaterials with reduced
adhesivity may enhance aggregation at equilibrium®, we demonstrate that a qualitatively
distinct strategy is needed to ensure optimal kinetics of aggregation. When dynamics is
the chief concern, we propose that the design strategy must account for whether transport
or local cell-cell reactivity is rate-limiting. Where transport is rate-limiting, a biomaterial
with intermediate adhesivity will provide maximal aggregation dynamics. In conclusion,
our results provide a dynamical physical perspective on engineering microenvironments
to promote multicellular aggregation, an important precursor to more mature

multicellular structures and tissues.
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4. Materials and Methods

4.1. Substratum preparation

Tissue culture-treated polystyrene dishes (Corning) were incubated overnight at
4°C with laminin (Sigma) diluted in PBS. Prior to use, dishes were blocked with 1

mg/mL heat-inactivated (55 C for 1 hour) BSA (Sigma) in PBS at 37°C for 1 h.

4.2. Cell culture

MDCK cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Invitrogen) supplemented with 10% (v/v) fetal bovine serum (Invitrogen) and 1% (v/v)
penicillin/streptomycin (Invitrogen). For collision, motility and aggregation assays,
confluent MDCK monolayers were suspended by treatment with 0.25% trypsin/53 mM
EDTA (Invitrogen) for 5 minutes at 37 C and plated at the desired cell density in serum-
free medium (SFM: DMEM supplemented with 1% (v/v) penicillin/streptomycin and 1
mg/mL BSA (Sigma)) supplemented with 20 ng/mL epidermal growth factor (EGF)
(Peprotech). After allowing cells to adhere to the substratum for 1 — 3 hours, non-
adherent cells were washed and the remaining adherent cells were incubated in fresh

SFM supplemented with 20 ng/mL EGF.

4.3. Quantification of cell-cell adhesion dynamics

Samples were imaged via time-lapse microscopy using a Zeiss Axiovert 200M

microscope equipped with a digital CCD camera and an environmental chamber that
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maintains temperature, humidity and CO, levels. 5x phase contrast images were
collected every 5 minutes for 24 hours. Cell-cell interactions that were initiated in the
first 12 hours of observation were tracked, and the duration of cell-cell contact was
recorded. Interacting cell pairs observed to collide with an additional cell or group of

cells were excluded from the analysis.

4.4. Quantification of migration speeds

Migration tracks of individual cells were imaged by time-lapse microscopy. 10x
phase contrast images were collected every 15 minutes for 15 hours. Nuclei of isolated
cells were marked using Imagel] software (National Institutes of Health), and mean
squared displacements were determined for each cell using overlapping intervals.'® The
mean squared displacements were averaged and fit to a persistent random walk model to
calculate cell speed, S, and persistence time, P: <d*(t)> = 2SZP[t-P(1-e't/ Pyp.1e e
Persistence was averaged across all laminin coating concentrations to determine a mean

persistence time.

4.5. Quantification of aggregate size

Samples were fixed in formalin (Sigma), incubated overnight at 4 C in PBS + 100
mM glycine (Sigma), then permeabilized in PBS + 0.2% Triton-X for 10 minutes at 4 C.
Cells were stained with DAPI and the membrane dye FM-464FX (Molecular Probes).
Fluorescence images were captured at 10x magnification using a Zeiss Axiovert 200M

microscope equipped with a digital CCD camera. 49 non-overlapping fields were imaged
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per sample. Aggregate sizes were determined from these images using thresholding and
edge detection algorithms as previously described.” The number of nuclei per field was

also quantified in order to calculate the density of substratum-attached cells.
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5. Supplemental Methods

In order to study how local cell-cell reactivity and transport by cell migration
affect aggregation dynamics, it is essential to ensure that (1) isolated cells (not pre-
formed aggregates) are seeded initially on the substrata, (2) any non-adherent cells are
removed to prevent them from drifting and binding to adherent cells/aggregates, and (3)
the initial density of isolated cells (and, therefore the initial mean intercellular spacing) is

equal among all samples.

To address these considerations, MDCK cells were suspended using traditional
cell dissociation techniques, and a desired concentration of single cells (N.) was seeded
onto Ln-coated substrata. After incubating cells for an appropriate duration (ti,) to allow
cell adhesion onto the substratum, non-adherent cells were removed by medium
aspiration. The key issue, however, lies in determining the appropriate values for N, and
tinc to ensure that the initial cell density on the substratum is equal for all Ln coating

concentrations.

We reasoned that cell adhesion to a substratum is likely to proceed more quickly
on substrata coated with higher Ln density than on those coated with low amounts of Ln
based on reported measurements of cell spreading kinetics on protein-coated surfaces.”
We quantified the dynamics of cell adhesion in our system (MDCK cells adhering to Ln-
coated tissue culture plastic) (Figure II-7, Supplemental Data) and chose an incubation

time that allows cell adhesion to reach its maximum saturation value for each Ln coating
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concentration (Table II-2, Supplemental Data). This incubation time varied between 1-3

h and is much shorter than the time at which aggregation is quantified (15 h after tiy.).

In addition to the time of incubation, careful attention was given to the
concentration of cells (N;) seeded for each Ln coating concentration. We observed that
the fraction of seeded cells that attach to the substratum at ti,. varied with Ln coating
concentration (Figure I1-8, Supplemental Data). Therefore, to ensure equivalent initial
cell density among the different Ln-coated substrata, we seeded a greater concentration of
cells (N;) on substrata coated with lower amounts of Ln than on those coated with higher
Ln density. Because the fraction of adherent cells was likely to also vary between trials,
we took an additional precaution by performing each trial as follows: duplicate sets of
cell suspensions containing three closely-spaced N, were seeded for each Ln coating
concentration (Table II-3, Supplemental Data). The first set of triplicates was used to
determine the seeding concentration that yielded an initial cell density of approximately
8.5 x 10° #/cm”. Once identified, the corresponding sample in the second set was used to
determine aggregate size at 15 h. In this manner, we ensured that aggregation dynamics
were quantified among samples that had an equivalent initial cell density (Table II-1,

Supplemental Data).
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6. Supplemental Data

700 —
600 ] _ W DECMA
500
=
£ 4004
8
53004
5 1
200
100 -
0
1

10
Laminin coating concentration (ug/ml)

Figure 11-4. Effect of antibody treatments on the lifetime of cell-cell interactions.

The lifetime of cell-cell adhesions (tagnesion) Was measured in the presence of an E-
cadherin-specific or non-specific control IgG. Error bars, SEM (n = 2).
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Figure 11-5. Cell speed exhibits a biphasic dependence on surface adhesivity.

The migration tracks of individual MDCK cells were traced using timelapse microscopy.
Mean squared displacements were calculated and fit to a persistent random walk model to
determine cell speed.” ' Error bars, SEM (n = 2). *, p<0.05 and **, p<0.1 in

comparing to the 10 pg/mL condition.
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Figure 11-6. Time-course of aggregate assembly.

The mean aggregate size (# of cells per aggregate) was quantified at initial time (0 h) and
at multiple timepoints after the attachment of MDCK cells to the Ln-coated (10 pg/mL)
substratum (n=1).
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Figure 11-7. Substratum adhesivity affects the rate of cell attachment to the
substratum.

1.5 x 10° MDCK cells were seeded onto substrata coated with 0.5 ug/mL or 5 pg/mL Ln.
After incubation for the indicated times, the non-adherent cells were washed, and the
number of cells that remain attached was determined. The percent cells adhered relative
to the maximum saturation value is shown (n = 1).
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Figure 11-8. Substratum adhesivity affects the fraction of seeded cells that attach.

1.0 x 10° MDCK cells were seeded onto Ln-coated substrata. The fraction of cells that
attached to each substratum was quantified after incubation for ti,. (1 — 3 h) (n =3-4).



Table I1-1. Initial density of substratum-attached cells.

The number of substratum-attached cells per unit surface area was quantified at initial
time (0 h) from fluorescence images of MDCK cells stained with DAPI. Error bars, SEM

(n=3-4).
Ln coating
concentration 0.5 1 5 10 50 100
(nug/mL)
Initial cell surface

8.3 8.2 9.1 8.9 8.2 8.2 +
density X 107

0.78 0.32 0.50 0.59 0.59 0.20

(#/cm?)
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Table 11-2. Incubation times for Ln-coated substrata.

Ln coating concentration (nug/mL)

0.5

10

50

100

tinc (h)
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Table 11-3. Cell seeding concentrations for Ln-coated substrata.

N x 10 (#/mL)

Ln coating concentration (ug/mL) | 3.75 | 5.0 | 6.75 | 7.5 | 10.0 | 12.5
0.5 X | X X
1 X | X | X
5 X| X | X
10 X | X | X
50 X | X | X
100 X | X | X
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