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Cell Volume Fluctuations in MDCK Monolayers
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ABSTRACT Cells moving collectively in tissues constitute a form of active matter, in which collective motion depends strongly
on driven fluctuations at the single-cell scale. Fluctuations in cell area and number density are often seen in monolayers, yet their
role in collective migration is not known. Here we study density fluctuations at the single- and multicell level, finding that single-
cell volumes oscillate with a timescale of 4 h and an amplitude of 20%; the timescale and amplitude are found to depend on
cytoskeletal activity. At the multicellular scale, density fluctuations violate the central limit theorem, highlighting the role of

nonequilibrium driving forces in multicellular density fluctuations.
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Collective cell motion is essential to tissue development,
health, disease, and repair (1-3). To explore the driving
forces of cell motion in tissues, monolayers are often inves-
tigated (4-7). Motion in monolayers depends strongly on
cell number density, and exhibits phase transitions as cell
density rises (8—12). Theories of phase transitions and the
statistical physics of active matter, including cells, have
been investigated thoroughly, and often density fluctuations
are strongly coupled to collective motion (13—15). A careful
look at published snapshots and videos of cell monolayers
reveals large variations in cell area and density fluctuations
(6,7,16). However, these fluctuations in cell density and size
have not been explored, limiting our understanding of the
relationship between single-cell dynamics and collective
cell motion.

Here we investigate fluctuations of cell size and spatial
distribution in Madin Darby canine kidney (MDCK) cell
monolayers. We find that cell volumes fluctuate by
+20%, oscillating with a timescale of 4 h. The cytoskele-
ton’s role is observed by inhibiting Myosin II with blebbis-
tatin, which substantially reduces volume fluctuations and
increases the oscillation time. We also observe large-scale
density fluctuations that violate the central limit theorem,
which has not yet been reported in monolayers of cells
that form strong cell-cell junctions (17). Estimates of cell
permeability show that cell volume fluctuations may involve
fluid transport between cells through gap junctions or across
the cell membrane. These results suggest that fluid transport
associated with cell volume fluctuations may contribute to
collective motion in monolayers and tissues.

Projected area fluctuations

We explore fluctuations in the projected area of MDCK cells
with time-lapse microscopy. Monolayers are grown in
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standard culture conditions described in the Supporting
Material. Imaging is performed with an incubation chamber
mounted on an inverted microscope. Cell density is visibly
heterogeneous in space and time; snapshots show large
spatial variations in cell density and manual cell tracking
shows large cell size fluctuations in time (Fig. 1, A-D).

To measure area fluctuations in large numbers, phase
contrast images are thresholded to identify cell boundaries.
The position and projected area of each cell is determined
by its boundary, and cells are followed in time with tracking
software (18). Large fluctuations can be directly seen in cell
area traces over time and in time-lapse video (see Fig. S2
and Movie S1). The standard deviation in time of area
fluctuations about the mean, averaged over all tracked cells,
shows that the typical cell area fluctuates =20.7% with a
standard error of 0.4% (N = 323).

To check this result, the nuclei of MDCK cells expressing
fluorescent histones are tracked, and a Voronoi tessellation
is performed. Approximating each cell area with the area
of its Voronoi cell, we find fluctuations of *=17.5% with a
standard error of 0.2% (N = 1038). A reduced fluctuation
is expected for Voronoi cells because Voronoi analysis
cannot detect shape changes at cell boundaries. In both
cases, treatment with 100 uM blebbistatin, a Myosin II
inhibitor, reduces fluctuations by ~50%; in phase-contrast
analysis, the fluctuations are 10.1 = 0.2% (N = 1015)
and in Voronoi analysis, they are 9.4 = 0.2% (N = 1014).
Replacing blebbistatin with standard growth media yields
a recovery of fluctuations within 2 h. These results suggest
that the cytoskeleton drives cell area fluctuations, although
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FIGURE 1 (A) Monolayers have large spatial variations in projected cell area; 150-um scale bar. (B) Cell groups fluctuate together in
time. Each color marks the same cell at different times; 30-um scale bar. (C and D) Single cells can fluctuate by ~200% relative to their
minimum area; 30-um scale bar. (E) Cell areas are measured with a Voronoi tessellation based on nucleus locations. To see this figure

in color, go online.

other cytoskeletal treatments like Racl inhibition or actin
depolymerization with cytochalasin will further reveal
underlying mechanisms.

Thickness and tilt fluctuations

To test whether cells fluctuate in thickness, we perform
confocal microscopy measurements, collecting stacks over
time. Cells are fluorescently dyed with 5-chloromethyl-
fluorescein diacetate, which permeates the cytosol. At
each instant in time, the monolayer appears flat. We measure
the monolayer thickness by fitting an error function to inten-
sity profiles along the z axis. We use the midpoint of the
intensity drop to identify the apical side of the cell, locally,
at 1000 random XY locations over an area of 160 x 160 um,
covering ~64 cells. The basal location is chosen to be the
lowest focal plane in which cell cross-sections are observed,
which is constant. We find that the layer is 7.1 = 0.7 um
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deviation). To assess how local heights vary in time, we
compute a temporal standard deviation of local height and
average over all locations in space, yielding a mean fluctu-
ation of 4.8% with a spatial variation of 2.0%. Thus, cell
thickness fluctuates by ~340 nm in time. The 95% confi-
dence intervals of the intensity profile fits are ~300 nm, so
these fluctuations may be experimental uncertainty limited
by sampling frequency along the z axis. We find the same
instantaneous spatial variation in height, 4.7%, which varies
in time by 1.1%. (Fig. 2, A-E).

The cell-cell interface is not perfectly vertical, so we
explore interfacial orientation fluctuations. Z projections
of confocal stacks show clear boundaries, suggesting that
a substantial fraction of cell-cell interfaces is nearly vertical.
We determine the orientation of interfaces from XZ slices,
when clear boundaries are observed, using IMAGE] soft-
ware (N = 110; National Institutes of Health, Bethesda,
MD). The histogram of angles is peaked at the vertical
orientation, and the cumulative distribution function shows

FIGURE 2 (A) XZ slices appear flat and
boundary angles are steady during motion.
(B) Intensity traces along the zaxis are fit at
1000 locations over 2.4 h (one location and
time shown; red line, fit). (C) The overlay of
intensity at one location over time shows
small variations. (D) The overlay of the
space-averaged traces also shows small
variations. (E) Layer thickness averaged
over space and time is 7.1 = 0.7 um. (F) Z
projections show clear boundaries. (G)
Boundary angles are determined from XZ
slices. (H) Boundaries maintain constant
orientation (each dataset is for a different
boundary). (/ and J) Angle histogram and
cumulative distribution function show that
73% of cell boundaries are oriented within
45° of vertical. (Scale bars = 50 um; all XZ
plots have the same scale along both direc-
tions.) To see this figure in color, go online.
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that >73% of interfaces are within 45° of vertical; 50% of
cells are within 30° of vertical. We estimate the error in
assuming vertical walls treating the real cell as a conical
cross section, and the approximate cell as a cylinder with
a radius equal to that of the midplane of the conical
cell. The average cell is 7-um thick with a diameter
of ~30 um; assuming a 30° tilt, the error in volume
is ~2%. We also observe that the orientation of cell bound-
aries remains relatively constant in time (Fig. 2).

Volume fluctuations in time and space

For cells to conserve volume as they fluctuate in area, they
would have to expand in height by 20%. Given the small
height and tilt variations observed here, volume fluctuations
may be approximated by area fluctuations, 6V = 0A. Simul-
taneous measurements of cell volume, area, and thickness
also support the validity of this approximation (see the
Supporting Material). To characterize how cell volumes
fluctuate in time, we compute a volume autocorrelation
function, Csy.514 correlating the approximate volume fluctu-
ations, 0V. We find that Csy.sy has a strong negative mini-
mum at 7 = 2 h, showing that cell volume oscillates about
its mean with a timescale of 4 h. Reducing cytoskeletal con-
tractions with blebbistatin shifts the peak in Cgsy.5y to 3 h,
corresponding to a 6 h oscillation. The autospectral density
function of volume fluctuations, S(w), exhibits peaks corre-
sponding to these oscillation times (Fig. 3 A).

Cell volume fluctuations may be linked to the large-scale
spatial variations in density seen in monolayers. Frequently
seen in active matter systems, the central limit theorem
(CLT) is violated (14,15,19). Randomly fluctuating equilib-
rium variables obey the CLT; in regions containing N
particles on average, the number of particles fluctuates
like ¢ ~ N2, where ¢ is the standard deviation of particle
number. The CLT is tested by dividing large systems into
smaller subsystems, counting particles, and computing o
and N over the different subsystems. We test for a CLT
violation by identifying all fluorescent nuclei within our
field of view, as described above, averaging over 100 frames
and roughly 2000 cells in each frame. A plot of o/N"* dem-
onstrates that cell density fluctuations violate the CLT, with
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FIGURE 3 (A and B) Volume autocorrelation and autospectral
density functions show that cell volume oscillates with a period
sensitive to blebbistatin treatment. (C) Cell density fluctuations
in monolayers violate the central limit theorem (solid circles,
cells; shaded squares, random patrticle).

249

o ~ N*'°. To ensure that this result is not due to small sample
size, we repeat the calculation on 2000 randomly distributed
particles 100 different times, finding no CLT violation.

CONCLUSIONS

The volume fluctuations observed here require water trans-
port in and out of the cell. Isolated cells under isotonic con-
ditions maintain a constant volume by regulating their
osmotic pressure with ion pumps (20). However, volume
regulation in monolayers may differ from the single-cell
case, and long timescale reversals of ion transport could
drive water in and out of the cell, generating volume
changes under isotonic conditions. Typical timescales of
volume recovery in response to osmotic pressure, combined
with estimates of the hydraulic permeability of single cells,
suggest that this mechanism could drive the volume fluctu-
ations observed here (see the Supporting Material).

Another way that cells may change volume is by
exchanging fluid with their neighbors through gap junctions.
We estimate a cell-cell permeability based on the size and
number of gap junctions in MDCK cells, and find that a
cell could expel 20% of its own volume in 2 h by generating
1.1 kPa of excess pressure, relative to its neighbors. Compa-
rable levels of spatial variability in cytoskeleton-generated
normal stress have been measured in epithelial, endothelial,
and cancer cell layers (7). Thus, it is possible that cell
volume fluctuations involve cytoskeleton-driven fluid trans-
port though gap junctions. Further estimates of potential
permeability limitations of the cytoskeleton itself suggest
that the cytoskeletal mesh may not inhibit this very slow
flow (see the Supporting Material).

In future work we will manipulate gap junctions and ion
channels to explore their relative roles in water transport-
associated cell volume fluctuations. Further studies on the
relationship between single-cell volume fluctuations and
multicellular CLT violations will elucidate the microscopic
origins of collective cell migration patterns. Studies of the
interplay between contractile cell-generated tension and
stress relaxation associated with cell motion or cell division
are at the forefront of our growing understanding of collec-
tive cell motion. Further exploration of cell volume fluctua-
tions may help to inform discovery in this developing area
of research.

SUPPORTING MATERIAL

Supporting Materials and Methods, four figures, and one movie
are available at http://www.biophysj.org/biophysj/supplemental/S0006-
3495(14)03068-9.
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Movie S1

Fluctuations in the projected areas of cells can be seen in time-lapse. At any instant, regions of low number density
composed of large cells coexist near regions of high number density composed of small cells. Over time, single
cells fluctuate in projected area, sometimes doubling or tripling in size. Cell divisions appear as extremely rapid
reductions in cell area compared to area fluctuations between divisions. The fast decrease in area of dividing cells
facilitates their identification and rejection from analysis. Scalebar 150 pm.

Cell Culture Protocols and Experimental Details

MDCK epithelial cell layers are plated on glass-bottomed culture dishes coated with collagen 1. Cells are
cultured in Dulbecco’s Modified Eagle Medium (DMEM), 5% fetal bovine serum, 1% penicillin-streptomycin, and
maintained at 37 °C and 5% CO,. For experiments in which cells are fluorescently dyed, cells are treated with 15
uM 5-chloromethylfluorescein diacetate (CMFDA) in serum-free DMEM and 0.15% DMSO for 30 minutes, then
returned to full serum-containing DMEM and immediately imaged in time-lapse. For Myosin Il inhibition
experiments, growth media supplemented with 100uM blebbistatin is used. Cells are transferred to an inverted
microscope with automated shuttering and full environmental control. Low light levels are maintained by using a
10% neutral density filter in line with the fluorescence lamp and by opening the shutter for less than 100ms every
minute for 9 hours. To eliminate z-drift after a focal plane is chosen, we use an interferometric objective positioning
system (Nikon Perfect Focus), which does not rely on any image-based auto-focusing algorithms and maintains
focus within a few nanometers along the optical axis. Volume fluctuation measurements of cells with and without
blebbistatin treatment were repeated three times, producing consistent results.

Cells are plated as circular islands approximately 5mm in diameter. Cells are deposited at the minimum
confluent density, which is just dense enough such that no open space is observed within the layer. Imaging is
performed away from the immediate edge of the island in a region where island expansion and cell proliferation
nearly balance, and consequently the average cell density rises very slowly. We measured the cell division rate in
this system, finding a division time of approximately 40 hours, in agreement with our previous studies. Dividing
cells are identified by a large, rapid drop in measured area over the course of about 10-20 minutes; dividing cells are
not included in the analysis. A relatively small change in cell density over time is observed at the large scale by
measuring the average cell area at each time point (Fig. S1). Traces of individual cell area also show no dramatic
transient behavior, though each cell fluctuates substantially over time (Fig. S2). These strong fluctuations in cell area
are coupled to local fluctuations in multicellular motion, though we observe no significant collective migration over
lengthscales exceeding approximately 200 um (Video S1). The oscillatory nature of single cell area, averaged over
hundreds of cell area traces, is captured by the autocorrelation function, described in the manuscript. In Fourier
analysis of signals, the lowest measurable frequency has a corresponding period of twice the sample duration. Thus,
for each single 9 hour cell measurement, the minimum measurable frequency increment is 1/18 h™. The frequency of
a 4 hour period is 1/4 h™, 4.5 times the lowest measureable frequency. The frequency of a 6 hour period is 1/6 h*, 3
times the lowest measurable frequency. Thus, the period of oscillation measured from correlation functions or
Fourier spectra are not limited by the duration of the experiments.
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Figure S1. Within each collected frame, the cell area histogram is skewed and is well described by a log-normal
distribution (A, dots are data, red line is a log-normal distribution fit). To measure a representative cell area within
the monolayer at each time, we estimate the location of the peak in each histogram and a coefficient of variation by
using log-normal statistics. The resulting plot of cell area versus time shows a small decrease in average cell area
from about 750 pm? to just below 700 um?, with a very large variation in size at all times (B).
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Figure S2. The typical cell fluctuates in area by about £20% every four hours, performing a full oscillation in about
1/10 of the typical cell division time. Thirty traces of different cell areas versus time show the general oscillatory
fluctuating behavior, but individual cells can fluctuate by much more or less than the average, and also oscillate at
different rates.



Cell Volume, Area, and Thickness

Measurements of cell thickness variation in time and space, described in the manuscript text, demonstrate that
cell thickness fluctuations are small compared to cell area fluctuations. The disparity between cell area fluctuations
and cell thickness fluctuations reveals that cell volume fluctuations accompany area fluctuations, though it is unclear
whether spreading cells become thinner or thicker, even if the change is small. To test whether spreading cells
become thinner and contracting cells become thicker, conserving some fraction of volume, we follow the area,
thickness, and volume of several cells in the confocal microscope over time. The cell boundary at each time point is
identified by computing an average intensity projection along the z-axis; since a great number of cells possess nearly
vertical interfaces, their boundaries are easily identified. The height at every location within the cell boundary is
measured in the same way as described in the manuscript, and an average is taken to determine cell thickness at each
point in time. The product of the X-Y pixel size and the height at any single location within the cell boundary
produces a volume element; the volume of the cell is computed from the sum of all volume elements within the cell
boundary.

We find that the instantaneous variation in height across a single cell surface is larger than the change in
average height over time. Surprisingly, when tracking changes in a cell with strongly decreasing area, we find that
the cell thickness also decreases, exhibiting no sign of volume conservation at all. By contrast, a cell with
moderately decreasing area thickens, exhibiting volume conservation. A cell with increasing area was found to
exhibit no clear change in thickness. Thus, plots of cell thickness versus volume show no systematic correlation
across these different cells. However, plots of area versus volume show strong correlations, suggesting that
fluctuations in volume may be approximated by fluctuations in area (Fig. S3).
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Figure S3. Cell boundaries are identified in z-projections of confocal stacks (A). The cells exhibit different
variations in area over time (B, Errorbars: uncertainty estimate of area for precision of 1 pixel). Cell 1 decreases in
area and decreases in thickness; cell 2 decreases in area and increases in thickness; cell 3 increases in area and does
not change thickness (C, bars are standard deviation of height across the cell surface). There is no systematic
change in thickness with volume (D), yet there are strong, systematic correlations between cell area and cell volume
(E, volume errorbars: combination of height and area error estimates).



Spatial Correlations in Cell Density and Area

Heterogeneity in cell size appears to occur over a characteristic multi-cellular lengthscale. To quantify these
apparent spatial correlations in cell density, we compute a density-density autocorrelation function. With the
Voronoi tessellation analysis described in the main text, the area of every cell within the field of view is computed,
and a spatial map of area is constructed. The reciprocal of this area map is a map of local number density of cells.

We compute the density-density autocorrelation function in 2D, C__(R) = <0'(r)0'(r+ R)>r, where o is the
number density and the angle brackets indicate an average over all locations in space. The 2D correlation function
is azimuthally averaged to produce a simple 1D correlation function, C__(R) = <CM(R)>¢. We find that C,

decays rapidly out to approximately 75 microns, or 3-4 cell lengths. At larger distances, C,, exhibits a rise and a
peak at a lengthscale of about 200 um, or ten cell lengths. Thus, cell area and number density exhibit a spatial
fluctuation on multi-cellular lengthscales. This lengthscale is comparable to spatial correlation lengths observed in
migration velocity fields. Thus, a strong coupling between cell density fluctuations and spatial correlation in
migration velocity is likely to occur here, and insight may be found in previous work in active particulate systems
(2-4).
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Figure S4. Voronoi tessellations are generated from cell nuclei positions, and individual cell areas are approximated
by the corresponding Voronoi cell areas. Cell density, o, is computed from the reciprocal of cell area (B, intensity
bar units are cells per um?). The density-density autocorrelation function, C,.(R) exhibits a small peak at R = 200
um, corresponding to the spacing between regions of similar density.

Gap Junction Permeability

Large assemblies of fluid channels, known as gap junctions, constitute several percent of the cell-cell interface,
connecting neighboring cells in tissues and monolayers (5-8). The resistance to pressure-driven flow through gap
junctions can be estimated from the dimensions of their channels and the number of open channels that connect
cells. From gap junction conductance measurements of MDCK cells and single gap junction channel conductance
we estimate that a typical MDCK cell is connected to its neighbors through approximately 2000 open gap junction
channels (9,10). Approximating transport through these channels as Poiseuille flow, we predict a permeability,
k Z(NcﬂD4)/(12877|-) , where N, is the number of channels per cell, D is the diameter of each channel, 7 is the

fluid viscosity, and L is the channel length. For a fluid with the viscosity of water driven through channels of
diameter, D = 2 nm, and length, L =16 nm, we find k = 0.06 pm® kPa™ s, A cell with this permeability could expel
20% of its own volume in two hours by generating only 1.1 kPa of excess pressure, relative to its neighbors.
Comparable levels of spatial variability in cell generated normal-stress have been measured in epithelial,
endothelial, and cancer cell monolayers. These back-of-the-envelope estimates suggest that the levels of pressure
required to drive intercellular fluid flow are modest, and given the ubiquity of gap junctions and contractile force
generation in tissue cells, cell volume changes may drive intercellular fluid flow in many systems (5,11,12).



Cytoskeleton Permeability

In order for fluid to flow from cell-to-cell, it must also traverse the cytoskeleton. The permeability of any dense
polymer network, including the cytoskeleton, is expected to be excessively low for pressure driven flow, limited by
the small mesh-size. To test the cytoskeleton’s potential to limit intercellular flow, we estimate the effective
permeability of the cytoskeleton to bek = AE? /5L, where A is the cell cross sectional area in profile, & is the
network mesh-size, 7 is the fluid viscosity, and L is the lateral lengthscale over which the fluid must flow (13). For
a cell with an area in profile, A = hL, a cell height, h = 7 um, a mesh size of 100 nm (14-16), and a viscosity, 7 =
0.89 mPa s, we estimate an effective cytoskeletal permeability of 8x10* um® kPa™® s™, many orders of magnitude
larger than the estimated single cell, gap junction permeability. Previous work showed that over short time-scales,
less than about a minute, the cytoskeleton permeability limits flow and poroelastic effects dominate (17). However,
in our work we observe volume changes over the course of hours and we expect permeability to be further increased
over longer time-scales; the cytoskeleton is in constant flux, maintaining cytoskeletal tension while remodeling over
times shorter than the volume fluctuations observed here (18).

Membrane and Aquaporin Permeability

Isolated cells under isotonic conditions maintain a constant volume, although applied osmotic pressure can drive
fluid across the cell membrane or through aquaporins, generating cell volume change (1). The hydraulic
permeability of individual MDCK cells has been measured by monitoring cell volume change under increased
osmotic pressure (19). An increase in the osmotic pressure of the growth media by about 200kPa, or 80 mOsm/kg,
causes the cells to shrink rapidly over the course of a few minutes, and the MDCK permeability is found to be
2 x10® cm s mOsm™ kg. (19). To compare to the permeability estimates above, we multiply this permeability by
the measured projected cell area of 700 um? and convert units, finding a permeability of 0.06 pm® kPa™ s™.
Interestingly, this permeability is the same as the permeability of cells for flow through gap junctions. When osmotic
pressure is applied to cells, they respond by rapidly transferring ions across the membrane with ion pumps, driving
water across the cell membrane, recovering most of their equilibrium volume within few minutes (20). This
suggests that cells can generate osmotic pressures of at least 100kPa by driving ion transport. Thus, these simple
estimates suggest the possibility that cells in monolayers generate the volume fluctuations that we observe here if
ion transport oscillates regularly over the course of several hours.
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