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Urinary collecting tubules form during kidney embryogenesis through the

branching of the ureteric bud epithelium. A travelling mesenchyme niche
of nephron progenitor cells caps each branching ureteric bud tip. These
‘tip domain’ niches pack more closely over developmental time and their
number relates to nephron endowment at birth. Yet, how the crowded tissue
environmentimpacts niche number and cell decision-making remains
unclear. Here, through experiments and mathematical modelling, we show
that niche packing conforms to physical limitations imposed by kidney
curvature. We relate packing geometries to rigidity theory to predict a
stiffening transition starting at embryonic day 15 in the mouse, validated
by micromechanical analysis. Using a method to estimate tip domain

‘ages’ relative to their most recent branch events, we find that new niches
overcome mechanical resistance as they branch and displace neighbours.
This creates rhythmic mechanical stress in the niche. These findings
expand our understanding of kidney development and inform engineering
strategies for synthetic regenerative tissues.

Tissue-building processes during embryonic kidney development
set the lifetime number of nephrons and urinary collecting ducts in
the adult organ'. Starting at embryonic day (E)10.5 in the mouse, the
ureteric bud (UB) epitheliumbranchesinto the adjacent metanephric
mesenchyme to form the future collecting ducts. UB tubule tips lie at
the organ surface during branching and are surrounded by dynamic
clusters of cap mesenchyme cells that proliferate and serve asnephron
progenitors®*. Nephron progenitors periodically condense into future
nephrons within ‘armpit’ regions beneath UB tips’” (Fig. 1a and Sup-
plementary Video 1). While these events have been characterized

anatomically and molecularly®’, less is known about temporal coor-
dination between UB branching, niche geometry and mechanics, and
nephron condensation. This is because single-cell RNA sequencing
(scRNA-seq), imaging and mechanics datahave not yet been registered
to the niche branching ‘life cycle’. Linked measurements of these fea-
tures are necessary to develop models of how nephron formation is
initiated in vivo and in engineered systems.

We recently found that competition between UB tip repulsion
and crowding within a limited surface area partially predicted mouse
embryonic kidney niche geometry'. Preliminary analysis of UB tip
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Fig.1|Kidney curvature imposes topological requirements on geometry of
close-packed nephrogenic niches at UB epithelial tubule tips. a, Whole-mount
confocal immunofluorescence maximum projection (top) and xz plane (bottom)
for E15 mouse kidney. Branching cytokeratin+ UB tubule tips are surrounded by
SIX2+nephron progenitors in the cap mesenchyme. Caps are separated by thin
ribbons of stroma (unlabelled).JAG1+ early nephrons form at ‘armpits’ beneath
tubule tips. We define ‘tip domains’ by Voronoi polygons. The inset shows a
zoomed-in view of the areain the dashed box. b, Model of repulsive particle
(radius a) packing at the surface of a sphere (radius R), showing pentagonal

and heptagonal topological defects among an otherwise hexagonal packing.
Defects form pairs, clusters or chains for R/a > 5. ¢, Schematic of overlap between
Voronoi and tip domain stromal interfaces. d, Plots of difference between
Voronoi and stromal interface segment orientation (6), midpoint position (e)
and length (d). e, Example Voronoi cells used to define tip domain interfaces
overlaid on confocal micrographs. f-i, UB tip positions overlaid on height maps
of representative kidney surfaces over E14-E17 (left). Voronoi diagrams tracing
tip domains on micrographs of combined ECAD and SIX2 immunofluorescence
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Embryonic day Embryonic day
(right). Voronoi cells are coloured by coordination number (the number of
neighbours).j, Frequency plot of tip domain coordination number (n =162, 353,
535and 892 tip domains in E14, E15, E16 and E17 stages across 5, 6, 4 and 4 kidneys,
respectively). The grey line indicates hexagonal close packing (hcp), which
occursata coordination number of 6. k, Average and standard deviation (s.d.) of
coordination number distributions. I, Average Gaussian curvature for patches
ofkidney surface at poles and non-poles; n=5,8, 6 and 7 poles or kidneys in the
E14, E15, E16 and E17 stages, respectively. m, Sum (Q) of topological charges (s;
net decrease in coordination number from z = 6) against integrated Gaussian
curvature (Q) for patches of mouse embryonic kidney surface at poles and
non-poles, and human embryonic kidney surface (units of disclinations); n =5,
6,4 and 4 poles or kidneys in the E14, E15, E16 and E17 mouse stages, respectively,
andn =3,3,4and 3 patches across 3, 2,3 and 2 kidneys in the week 8,11,13 and 15
human stages, respectively. Human kidney data are a reanalysis of images from
ref.22; details in Supplementary Fig. 2. R?is the coefficient of determination The
dotted line represents the Gauss-Bonnet theorem (Supplementary Note 3).
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Fig. 2| Close packing of UB tip domains predicts a transition to rigidity over
developmental time. a, Segmented confocal micrographindicating the area
fraction ¢ of cap mesenchyme (left). Plot of ¢ over developmental time
(transparent black points), relative to horizontal lines indicating 2D square
packing (@quare), random close packing (¢,.,) and hexagonal close packing (¢,,)
of circles (right). Solid black points are mean * s.d., n = 3 kidneys per embryonic
day, points averaged over >12 tip domains per kidney. Note that ¢, ., = ¢ for 2D
circle packing. b, Definition of shape index of tip domains p from Voronoi cell
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perimeter (P) and area (A4). ¢, Schematic of density-independent stiffening or
rigidity transition when median shape index p dropsintoacritical range below
p*.d, Box and whisker plots of tip domain shape index distributions over time,
relative to those for squares (psquare), PENtagons (p,e,) and hexagons (py,), and to
p*=3.8-3.92(n=177,391, 617 and 987 tip domains in E14, E15, E16 and E17
categories across 5, 6, 4 and 4 kidneys, respectively). One-way analysis of variance
(ANOVA) and Tukey’s test were used. Horizontal lines are minimum and
maximum (excluding outliers), and quartiles (25/50/75%); points are outliers.

positions revealed local ordering in crystal-like packing geometries.
These observations suggested an analogy to two-dimensional (2D)
curved crystals of repulsive particles" . Crystal-like niche packing
couldimpactthe developmental trajectory of the kidney by setting lim-
itson tip domain density (and therefore nephron number) for a given
organ surface area. Physical microenvironmental changes dictated
by curved crystal physics during niche branching cycles could also
affect nephron progenitor decision-making (Supplementary Note 1).

Here we combine the theory of curved crystals, rigidity in
close-packed systems and force inference with micromechanical analy-
sis to characterize nephrogenic zone geometry and mechanics. We
thenregister the properties of individual niches to the UB branching
life cycle. Our data reveal that niche packing drives a transition from
more fluid-like to more solid-like mechanics that enable sustained
stresses between nephrogenic niches after ~E15. This in turn causes
rhythmic cycles of stress within them that are synchronized with the
UB branchinglife cycle.

Kidney curvature influences ureteric bud tubule
geometry

UB tubule tips branch just beneath the organ surface. Each tip is sur-
rounded by a swarm of ‘cap’ mesenchyme cells that serve as nephron
progenitors. These tip domain niches repel one another*'®", creat-
ing dense arrays separated by thin ‘ribbons’ of stroma (Fig. 1a and
Supplementary Video 1). We previously hypothesized an analogy for
the close packing of niches in the physics of repulsive or elastic par-
ticles at surfaces', but had not previously considered the effect of
curvature™'®'°, Repulsive particles undergo hexagonal close packing

(triangular packing) on aflat surface so that each particle has six neigh-
bours (thatis, the coordination number z = 6; Fig. 1b). Wrapping a tri-
angular lattice onto a doubly curved surface (that is, a surface with
non-zero Gaussian curvature) favours ‘disclination’ topological defects
thatincrease or decrease z. For example, asoccer ballis not made up of
hexagonal patches but rather a mixture of hexagonal (z = 6) and pen-
tagonal (z=5) patches. For large curved crystals, isolated disclinations
are less favourable and are replaced by pairs (dislocations), clusters
or chains (‘scars’; Supplementary Note 2 and the literature''>'*). We
therefore wondered if UB tip positions adhere to the same topological
requirements.

We generated Voronoi tessellations from annotated UB tip posi-
tions on E14-E17 kidneys to predict the lattice boundaries of each tip
‘domain’ (all UB epithelium, cap mesenchyme and stroma that are
closertoagiventip thanto aneighbouring one; Fig. 1c). Voronoi edges
overlapped stromalinterfaces between domains, indicating that they
carry physical meaning. To quantify this overlap, we annotated stromal
interface segments and found only small mismatchesin their orienta-
tions (5.5 +4.4°, mean + s.d., n = 64 segments), midpoint positions
(5.8 £3.0 um) and lengths (6.8 + 4.7 um) relative to the corresponding
Voronoi edges (Fig. 1d). A similar correspondence exists in 2D foams
and confluent cell layers?>?, implying that the size and shape of tip
domains are restricted by the presence of neighbouring ones. These
data show that tessellated polygons accurately approximate stromal
interfaces between tip domains.

The theory of curved crystals suggests that the degree of bias
towards pentagon disclinations will increase linearly with curvature
(Supplementary Note 3). We quantified this bias using the ‘topological
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Fig. 3| Crowding of UB tip domains stiffens the nephrogenic niche over time,
especially in close-packed regions. a, Schematic of surface microindentation
using cylindrical indenter (F, indentation force) that captures kidney viscoelastic
properties on length scale of about three tip domains for anindentation depth
hof-30 pm. b, Schematic of typical data output and key parameters during
indentation (left) and during subsequent recording of force at fixed final
indentation depth (right). f(E) indicates a function of stiffness (see Methods).
RU:relative units ¢, Representative indentation force versus indentation depth
curves (left) and force relaxation curves (right) for E15-E17 kidneys. Black lines
arerepresentative experiment data, colored lines are model fits (see Methods).
d, Stiffness £, relaxation time T and viscous relaxation constant k plots over
E15-E17 (mean ts.d.; n =14,17 and 18 kidneys for stiffness and n = 8,11and

16 kidneys for rand k for E15, E16 and E17, respectively; one measurement per
kidney). RU, relative units. e, Stiffness plots for paired measurements of E17
kidneys and their poles (n =19 measurement pairs over 12 kidneys, 1-2 pairs per
kidney, paired two-tailed ¢-test). f, Schematic of Brillouin microscopy. v;is the

incident light frequency and v, is the Brillouin frequency shift. g, Live confocal
micrograph of Alexa Fluor 488-PNA-labelled UB tips, Voronoi diagram of tip
domains with heat map of shape index and zoomed insets of two example
domains (top). PNA, peanut (Arachis hypogaea) agglutinin lectin. Insets of the
two example domains with PNA fluorescence and Brillouin shift images (bottom).
Cap mesenchyme cells local to tips are outlined. h, Mean Brillouin shift in caps
over E15-E17 (mean £ s.d., n=10,12 and 29 tip domains for E15, E16 and E17 across
6,7 and15kidneys, respectively). i, Mean Brillouin shift and corresponding
estimated longitudinal modulus in cap mesenchyme cells versus average tip
domainshapeindexin their local neighbourhood of approximately three tips

(n =17 tip domains across four E17 kidneys). Fit line from linear regression
analysis is shown with 95% confidence interval envelope and p value testing

the null hypothesis that slope m =0 (p,,.-o). At bottom, sketch of niche packing/
crystalline order interpretation of local average shape index axis. j, Summary of
changes in UB tip geometry and kidney surface mechanics over E15-E17. Statistics
indand h are one-way ANOVA and Tukey’s test.

® 4 Local crystalline order

T

charge’ s of tip domains, given by the formula s=6 - z (Fig. 1b,e,f).
We separately reconstructed the associated kidney surfaces from
three-dimensional (3D) confocal images to generate curvature maps
(Supplementary Fig. 1; overlaysin Fig. 1f-i). Tip coordination numbers

varied between 4 and 8, and tip patterns qualitatively transitioned
from a disordered state at E14-E15 to a more visually apparent local
order at E16-E17 (more information is in the literature'®). The median
coordination number was z = 6, with abias towards lower coordination
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numbers at earlier developmental times (Fig. 1j). At later times, the
coordination number distribution approached amean of 6, consistent
with hexagonal packing on flat surfaces (Fig. 1k). This is consistent with
tip patterns adopting energetically favourable pentagon disclinations
(thatis, tips with z=5neighbours instead of 6) in younger kidneys that
have higher curvature (Fig. 11,m). Kidney poles had higher curvature
than non-pole regions at each developmental stage (Fig. 11), but both
followed the same topological charge versus curvature trend (Fig. 1m).
Thisindicates that curvature is a better predictor of tip domain pack-
ing than developmental stage, though crowding-dependent effects
also contribute (more information is in the following section and the
literature'®). Variation in tip domain size and shape accounted for most
‘excess’ dislocations (Supplementary Note 2). But we also saw evidence
of grain boundary scars and defect clusters of alternating charge, as
occur in other large, curved crystals (Fig. 1f-i)'*'*, These data show
that topological limitations imposed by kidney curvature influence
tip packing geometry.

To extend this result, we reanalysed published confocal immu-
nofluorescence stacks from human embryonic week 8-23 kidneys
(Supplementary Fig. 2 and the literature®”). Human kidneys have a
multilobed structure?, but the tip domains in lobes can be analysed
using the same Voronoiboundary approach (Supplementary Fig.2a-d).
Despite the species difference, human data followed the same total
topological charge versus curvature relationship asmouse kidneys and
poles (Fig.Im and Supplementary Fig. 2e). This indicates that curvature
similarly affects both mouse and human tip domain organization.

Crystal-like tubule packing creates arigidity
transition
Crowding can drive abrupt changes in the geometric and mechani-
cal properties of elastic particles'®, foams and emulsions?, and cells
in tissues**. We hypothesized that tip domain crowding would have
similar effectsin the nephrogenic zone of the embryonic kidney. Dur-
ing branching morphogenesis, UB tips, cap mesenchymes and stromal
ribbons are fluid-like on the timescale of tip branching (Supplemen-
tary Note 4). An excess rate of new tip formation and the thinning of
stromal boundaries over E14-E18 (refs. 3,10) cause niches to pack
closely and conform in shape due to confinement from neighbour-
ing niches. We also previously reported regions of local tip domain
alignment'®, another feature of packed systems. Tip domain collectives
have features of both non-confluent (density-dependent) and conflu-
ent (density-independent) packing due to the presence of stromal
interfaces. We applied both areas of theory separately to gain insight
on packing mechanics. Density-dependent packing theory predicts a
rigidity (jamming) transition when particles exceed a critical packing
fraction ¢.. Here, yield stress transitions from zero to afinite value
(that is, from fluid-like to solid-like behaviour)***. For kidney caps,
we measured the packing fraction ¢p on a 2D basis as the ratio of cap
area to total area. The ¢ values exceeded those for 2D body-centred
(square) packing of circles and random close packing (which defines
thecritical areafraction ¢; refs. 25,26), and even approached that for
2D hexagonal close packing from E15-E17 (Fig. 2a). In human embryonic
kidney lobes, ¢ exceeded ¢ from at least week 11 to week 18 (Supple-
mentary Fig. 2f). Week 11is notable since kidneys at this stage are similar
insize, curvature and niche architecture to the E15-E17 mouse kidney
(compare Fig.1and Supplementary Fig. 2; more information is in the
literature?). The ¢ value then dropped below ¢, sometime between
week 18 and week 23, where tip/niche architectureis reminiscent of the
later postnatal day 2 mouse kidney”. This predicts ajamming transition,
suchthatthe ‘nephrogeniczone’asawholeis predicted to be solid-like
and therefore capable of imposing mechanical stress on newly formed
niches duringtip branching after ~E15in mice and -week 11in humans.
Although ¢ predicts density-dependent jamming of niches, the
underlying theory neglects potentially important parameters (Sup-
plementary Note 5). We therefore applied density-independent rigidity
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Fig.4 | Domain size and stromal cell elongation and alignment at ribbon
interfaces between domainsis dependent on myosinIl. a, Schematic showing
side (xz) view of a tip domain (left). Top-view confocal immunofluorescence
micrographs at the organ surface and 10 pm deeper into an E17 kidney at the tip
plane (right). b, At left, tip domain areas for E17 kidneys incubated for 4 hin the
presence (+ROCKi) or absence (control) of 30 pM ROCKi Y-27632 (n = 63 and 52
domains for control and +ROCK:i, respectively, across six kidneys per condition).
Transparent black points are tip domains, whereas coloured points are means
perkidney, and mean + s.d. is shown for each kidney mean. At right, schematic of
tip domain area increase in response to ROCKi. ¢, At top, immunofluorescence
micrograph of example stromal ribbon. At bottom, schematic of nuclear
aspectratio and alignment to nearest tip domain Voronoi boundary.d, Cap
mesenchyme and stromal cell nuclear aspect ratio (at tip plane and ‘above
niche’), and stroma ribbon cell nuclear alignment to nearest Voronoi boundary
for E17 kidneys incubated for 4 hin the presence or absence of 30 pM ROCKi

(for the nuclear aspect ratio, n =165,103 and 92 cells for -ROCKi categories

from left to right, and n = 116,113 and 107 cells for +ROCKi categories from left
toright, across three kidneys per condition; for the nuclear alignment, n =271
and 338 cells for -ROCKi and +ROCKi, respectively, across three kidneys per
condition). Transparent black points are nuclei, whereas coloured points are
means per kidney, with mean + s.d. shown for each kidney mean. Red arrows
added for emphasis. Schematics at bottom visually summarize stromal cell nuclei
elongation and alignment data. Statistics in b and d are unpaired two-tailed
t-tests on kidney means. NS, not significant.

theory created for the high packing fraction regime that accounts for
these parameters. Since niches pack side to side in one layer, we turned
to a family of 2D vertex and Voronoi models developed for tissues
organized into tessellated polygonal subunits having elasticity, con-
tractility and interfacial tension” ' (Supplementary Note 5). For any
subunit with these properties, such as individual cells or tip domains,
the models predict substantial stiffening or asharp transitionto rigidity
when the median (p) of a geometric parameter of their boundaries
called the shape index p drops below a critical value p* in the range of
3.8-3.92 (Fig. 2b,c; refs. 30,31). For sharp transitions, when p > p*, no
energy barrier exists to changes in packing configuration, conferring
fluid-like mechanics. However, when p < p* the configuration of poly-
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gons hasboth bulk and shear stiffnesses, conferring solid-like mechan-
ics®®. Toapply the model to the kidney, we measured the shape indices
of tip domains over E14-E17, finding that the median shape index sig-
nificantly decreased with developmental time, droppinginto the criti-
calrange below 3.92 after ~E15 (Fig. 2d). The same trend held in human
embryonickidney lobes, where median shapeindex dropped into this
range at ~week 11 (Supplementary Fig. 2g), again a stage similar to
~E15-E17 in the mouse®. The change in shape index here is in a similar
range to that previously associated with a rigidity transitionin airway
epithelial tissues in vitro®. We note that flattening of the kidney surface
asitgrows could also reinforce the transition by increasing the critical
shape index at which rigidification occurs®. These results suggested
that tip domain collectives may become stiffer and have less viscous
behaviour after E15, consistent with the time at which semi-crystalline
order begins to appear (Fig. 1, Supplementary Figs. 2h and 3, Supple-
mentary Note 6, Supplementary Video 2a and the literature').
Temporally, the overall decrease in p and increase in tip domain
crystalline order predictincreased tissue stiffness over time. Spatially,
local regions of higher crystalline order (lower local average p) should
be stiffer at a given time. We next assayed tissue mechanics over time
and space to test this. We measured the Young’s modulus (stiffness,
E) and viscoelasticity of freshly dissected E15-E17 kidneys by microin-
dentation with a254 pm cylindrical indenter (equivalent to the width
of approximately three tip domains; Fig. 3a and the Methods). We
measured the applied force during indentation of the kidney surface
by -30 um (that is, the elastic component), and paused indentation
to capture the time dependence of force during subsequent tissue
relaxation (thatis, the viscous component; Fig. 3b,c). These measure-
ments firstrevealed a110% increase in kidney surface stiffnesslocal to
tip domains over E15-E17 (Fig. 3d). Second, they showed adecrease in
viscousrelaxation kand anincreaseinthe relaxation timescale r. These
data reveal a marked stiffening and decrease in viscous behaviour
over E15-E17—the same period over which our tip domain shapeindex
analysis predicted a fluid-like to solid-like rigidity transition (Fig. 2d).
An alternative hypothesis here is that kidney maturation drives
stiffening, rather than tip domain jamming. To test this, we reasoned
that kidney pole regions would have tip packing topologies resem-
bling earlier developmental stages due to their higher curvature. This
would make poles softer and give them increased viscous behaviour
compared to non-poleregions. Indeed, we found that the indentation
mechanics of E17 poles were comparable to E15/E16 non-pole regions
rather than E17 ones (Fig. 3e and Supplementary Fig. 4). This result
argues against the alternative hypothesis that tissue mechanics change
primarily as a function of developmental maturation.
Localtipdomainregions with higher order should bestiffer, produc-
ing spatial variation at agiven developmental stage. Microindentation

did not permit correlating local tip packing states to mechanics data.
We instead used confocal Brillouin microscopy?®, a label-free optical
technique previously used to quantify the mechanics of developing
tissues®* . Brillouin microscopy measures the frequency shift between
incident and scattered light (Fig. 3f and the literature®). This Brillouin
shift scales with the high-frequency longitudinal modulus, which is
proportional to £ (Supplementary Fig. 5and Supplementary Note 7). We
acquired 2D Brillouinimages of E15-E17 tip domains at planes approxi-
mately bisecting UB tip domains, and averaged the Brillouin shift within
each cap mesenchyme (Fig. 3g). These shifts significantly increased
between E15/E16 and E17 (Fig. 3h), similar to the microindentation trend
inFig.3d.InE17 kidneys, we further found that the Brillouin shiftin caps
and the average shape index in a local neighbourhood of about three
tips were negatively correlated (Fig. 3i). Specifically, the longitudinal
modulus of the cap mesenchyme s higher for tip domains predicted to
reside in more closely packed and solid-like regions. The datapredicta
stiffness increase in the cap mesenchyme of ~19% from E16-E17 (com-
pared to 50% by microindentation) and a range of ~53% among niches
in different local packing states at E17 (Supplementary Note 7). These
datashow that the stiffness variation among nephrogenic niches due to
the tip packing state is substantial and on a similar order of magnitude
astheincrease over developmental time (Fig. 3j).

Defining alife cycle for asynchronous branching
Our mechanics dataadvance amodel whereincreasing surface stiffness
and decreased viscous behaviour would increase the mechanical resist-
ance to new tips branching and displacing close-packed neighbours
(Supplementary Video 2b). Since branching of UB tips is asynchronous,
establishing a life cycle estimate would enable registration of stress
measurements from different niches toacommon ‘pseudotime’. Creat-
ing a pseudotime axis is necessary because it is not currently possible
to performlive time-lapse imaging of tip branching in kidney explants
while retaining the in vivo 3D architecture of the organ’®®. We reasoned
that tips bearing more nephrons should be ‘older’ relative to their last
branchingevent, since nephrons are distributed among daughter tips
whenatip divides®. We found that recently divided tips bearing fewer
nephrons had alower area and higher shape index, while older tips
bearing more nephrons were larger with alower shape index (Supple-
mentary Figs. 6 and 7 and Supplementary Note 8). These data imply
that the tip domain shape index can be used as a pseudotime metric
to register tips with respect to their stage in the branching process.
Plotting nephron number per tip versus branching pseudotime was
sensitive enough to detect an apparent pause in nephrogenesis early in
the branchinginitiation, highlighting the flexibility of the pseudotime
concept to register anatomical, molecular® and other data (Supple-
mentary Figs. 6 and 7 and Supplementary Note 8).

Fig.5|Newly established tip domains experience anisotropic mechanical
stress that decreases over each life cycle. a, Schematic of contributions

to tension (T) and pressure (P) forces that balance at Voronoi vertex nodes.

b, Example force inference output from Voronoi geometry overlaid on E17
kidney surface confocal fluorescence micrograph. Principal stresses (maximum
and minimum) are shown with lengths proportional to their eigenvalues
(magnitudes) A, and A,. The anisotropic stress tensor is shown as one bar
representing the tension part (Methods). ¢, Box and whisker plots of normalized
isotropic and anisotropic stress at tip domains (n =195, 319 and 164 tip domains
inlow, medium and high shape index categories, respectively, across four
kidneys; one-way ANOVA, Tukey’s test). Horizontal lines are minimum and
maximum (excluding outliers), and quartiles (25/50/75%); points are outliers.
Diagrams above the plotsindicate a branching life-cycle interpretation of

the pseudotime axis. d, Laser microdissection schematic showing ablation
between neighbouring tip domains at E17 (top). Example cuts imaged by
confocal microscopy after fixation, and live wide-field micrographs of one
target cut showing the intended cut location (white line) before ablation, and

at 0 sand 45 s after ablation (bottom). e, Serial confocal z slices after fixation

(top), showing penetration of cut -20 pum through inter-tip region (cell integrity
disrupted down to ~40 um). Schematic of cut penetration relative to typical niche
anatomy (bottom). f, Kelvin-Voigt model. The top left shows spring (stiffness

E) and dashpot (viscosity p) elements that determine cut opening properties in
response to tissue tension. The top right plot shows Gaussian fits (dotted lines)
to the cut fluorescence for each timepoint. The bottom shows the cut opening
distance fitted with the model, yielding the asymptotic cut opening distance D
and time constant 7. g, Cut rebound for 4 h E17 kidney incubation in presence

or absence (control) of 30 uM ROCKi Y-27632 (mean + s.d., n = 21 and 25 cuts for
control and +ROCKi, respectively, across two kidneys per condition). h, Plot

of Dagainst average shape index of tip domains immediately adjacent to each
cut (left; n=45and 96 cuts for E15 and E17 across 5and 7 kidneys, respectively).
Linear regression fits are shown with 95% confidence intervals and Pvalues
testing the null hypothesis that slope m = 0. The diagram above the plot indicates
abranchinglife-cycle interpretation of the pseudotime axis. At the right are the
distributions of all data for E15and E17 (mean + s.d.). Statistics in g and h (right)
are unpaired two-tailed ¢-tests.
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Fig. 6| Model for curvature and crowding contributions to nephrogenic
niche packing and its effects on mechanics. a, Schematic summary of

curvature and crowding contributions to nephron-forming niche geometry
and rigidity transition. b, Left, schematic of cyclical mechanical stressin the

niche microenvironment associated with the UB tip branching life cycle. Right,
qualitative plot of the inferred temporal relationship between stress and
nephrogenesis rhythms in the niche.

Branching tips experience cyclic mechanical
stress

We applied our pseudotime definition to test if tip domain branch-
ing causes transient mechanical stresses between neighbouring tip
domainsat theinterveningribbon-like stromalinterfaces (Fig. 4a), put-
ting them under tension. In E17 kidneys, we measured al5% increasein
niche cross-sectional area after 4 hincubation with the rho-associated
protein kinase (ROCK) inhibitor Y-27632 (ROCKi), relative to controls
(Fig. 4b). Since ROCKi reduces cell contraction by inhibiting myosin
Il phosphorylation*’, the data indicate that collective cell tension is
necessary to maintain normal niche size. We separately found that
primary cortical stromal cells have the highest traction force and
phospho-myosinlight chainlevels relative to UB and cap mesenchyme
cells*. These datasuggest that stromalinterfaces between tip domains
are under mechanical tension, so we looked for evidence of circum-
ferential nuclear elongation and alignment along the boundary that
wouldindicate anisotropicstress (Supplementary Note 9). Stromal cell
nucleiappearedtoalignalong ribboninterfacesin both E17 mouse and
week 17 humankidneys (Fig. 4a,cand Supplementary Fig. 8). We found
that mouse stromal cellsinribbons had an ~18% higher nuclear aspect
ratio (elongation) than those sitting above the niche or neighbouring
cap mesenchyme cells (Fig. 4d). This elongationrelative to cellsinthe
other compartments was lost upon 4 h kidney treatment with ROCKi.
Stromal nucleus alignment along boundaries also decreased upon
ROCKi treatment, from a mean deviation angle of 23° to 35° (Fig. 4d).
Together the data show that tip domain size and stromal cell elongation
and alignment along domain interfaces is dependent on myosin Il. In
other words, stromal ribbons form a tensile network counteracting
effective niche pressure. Branching morphogenesis may contribute
to this effective pressure.

To quantitatively relate tip branching life cycle to niche mechanical
stress, we applied force inference developed for cell-scale vertex mod-
els* (Fig. 5a and Supplementary Note 10). Parallel (interfacial tension)
and perpendicular (hydrostatic pressure, elasticity and contractility)
forcesareinferred from observable variationsin interface edge lengths
and angles. Bayesian force inference produced a map of the inferred
stress tensor from E17 tip domain Voronoi edges*’. Major and minor
principal stress axes and their relative magnitudes define isotropic
and anisotropic stresses (Fig. 5b and Methods). Plotting these compo-
nents against p revealed that as tips age relative to their last branching
event (that is, as shape index decreases), inferred anisotropic stress
decreases by ~-30% (Fig. 5¢). This predicts arhythmic mechanical stress
microenvironment synchronized with the tip life cycle, withincreased
anisotropic stress early in branching versus later.

To experimentally validate inferred stress predictions, we used
laser microdissection of freshly dissected E15and E17 kidneys to ablate

inter-tip regions spanning neighbouring cap mesenchyme clustersand
intervening stromal ribbons (Fig. 5d, Supplementary Figs. 9 and10 and
Supplementary Video 3). Laser ablation reflects anisotropic stress at
the cutting sites, and the asymptotic rebound (opening) distance of
cut edges, D, equals the local tension/elasticity ratio**. We reasoned
that cuts orthogonal to stromal ribbons would report on tensile forces
predicted by force inference modelling (Fig. 5a). Ablation successfully
induced rebound at cut sites (Fig. 5d) comparable to other developing
tissue settings (Supplementary Note 11). Cuts penetrated ~20 pm in
depth, sufficient to sever the mesenchyme and stromal ribbons down
tothe midplane of the tip domaininterfaces in the zdirection (Fig. 5e).
Cut opening distances over time L(t) were estimated by automated
Gaussian fitting, and plots of L(¢) versus t were fit with a Kelvin-Voigt
model to estimate the asymptotic rebound distance D (Fig. 5f and
Supplementary Fig. 9). We verified that D related to tissue tension by
incubating E17 kidneys with ROCKi for 4 h before cutting, which sig-
nificantly decreased Drelative to controls (Fig. 5g). Onthe other hand,
Dsignificantly increased with the average shape index of tip domains
adjacenttoeach cutatE17 (Fig. 5Shand Supplementary Fig. 9e), in agree-
mentwith the forceinference results. These datashow that anisotropic
stress local to tip domains is highest for newly branched tips (high p)
and lowest for older tips (low p). This correlation held for E17 kidneys
but not for E15 kidneys prior to the rigidity transition, where residual
stresses would be predicted to dissipate and not be transmitted among
domains (Fig. 5h). The force inference modelling and ablation data
together validate that anisotropicstresses are higher innewly branched
tip domains as they displace close-packed neighbours in kidneys that
have crossed the rigidity transition. This local stress then dissipates
prior to the next branching cycle (Supplementary Video 2b).

Outlook

Gaining a fundamental understanding of tissue-wide coordination
between UB, nephron and stromal morphogenesis willimprove under-
standing of disease-relevant variability in nephron endowment and
subsequent adult kidney function**". An emerging area of interest
is to determine potential geometric and mechanical factors that may
add context-dependent cues to cell decision-making in and adjacent
to nephrogenic niches. These include the mutual inhibition of UB tip
branching based on local crowding*®; the interplay between nephron
progenitor number per tip and nephrogenesis rate*; and the depend-
ence of progenitor exposure to pro-renewal versus pro-differentiation
ligands on niche shape and on cell migration”*,

Our work offers a fundamental characterization of nephrogenic
niche geometry and mechanics over the UB tip branching life cycle
(Fig. 6). Together with the observation that UB tips progressively
overcrowd the kidney surface', our data show that niches physically
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compete for occupancy after ~E15 in the mouse, creating measurable
mechanical stress local to each branch event.

Our dataset up several areas for future investigation of in vivoand
in-kidney organoid models. We recently found that niches alternate
between nephron progenitor renewal and differentiation phases
thatsynchronize with branching®. Our data on rhythmic mechanical
stressin nichesraises the question of whether these two rhythms are
causally linked (Supplementary Note1). These and other studies have
inspired organoid engineering efforts seeking to advance beyond the
status quo of nephron formation in a single pulse towards ongoing,
periodic nephrogenesis®. Mimicking the rhythmic biology of the
nephrogenic niche will aid these engineering efforts for regenerative
medicine and yield new insight into compositional control of the
kidney.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

Animal experiments

Mouse protocols followed National Institutes of Health (NIH) guide-
lines and were approved by the Institutional Animal Care and Use
Committee of the University of Pennsylvania. E14-E17 embryos were
collected from timed pregnant CD-1 mice (Charles River) and stages
confirmed by limb anatomy®'. Embryonic kidneys were dissected in
Dulbecco’s phosphate buffered saline (DPBS; MT21-31-CV, Corning)*2.

Whole-mount confocal kidney immunofluorescence imaging

Immunofluorescence staining and imaging was performed using pro-
tocols adapted from refs. 10,53,54. Dissected kidneys were fixed in
ice-cold 4% paraformaldehyde in DPBS for 20 min and washed three
times for 5 min per washinice-cold DPBS. Kidneys were then blocked
for2 hatroomtemperature in PBSTX (DPBS + 0.1% Triton X-100) con-
taining 5% donkey serum (D9663, Sigma) and incubated in primary and
thensecondary antibodies inblocking buffer at 4 °C, witheach of these
steps alternating with three washes in PBSTX. The minimum staining
durationwas 40 hfor E14 plus 8 h peradditional embryonic day, and for
washes, the durationwas 12 h for E14 plus 3 h per additional embryonic
day (thatis, atleast 64 h stainingand 21 hwash cycles for E17 kidneys)*.

Primary antibodies and dilutions included rabbit anti-Six2
(1:600, 11562-1-AP, Proteintech, Research Resource Identifier (RRID)
AB_2189084), mouse anti-E-cadherin (E, epithelial; 1:200, clone 34,
610404, BD Biosciences, RRID AB_397787), rat anti-E-cadherin (1:100,
ab11512, abcam, RRID AB_298118), mouse anti-calbindin D-28K (1:100,
clone CB-955, C9849, Sigma, RRID AB_476894), mouse anti-pan-
cytokeratin(1:200, clonell,C2931,Sigma,RRID AB_258824) andgoatanti-
jagged 1 (1:150, AF599, R&D Systems, RRID AB_2128257). Second-
ary antibodies (all raised in donkey) were used at 1:300 dilution and
include anti-rabbit Alexa Fluor 647 (A31573, Thermo Fisher, RRID
AB_2536183), anti-rabbit Alexa Fluor 555 (A31570, Thermo Fisher, RRID
AB_2536180), anti-mouse Alexa Fluor 555 (A31572, Thermo Fisher,
RRID AB_162543), anti-goat Alexa Fluor 488 (A11055, Thermo Fisher,
RRID AB_2534102), anti-rat Alexa Fluor Plus 555 (A48270, Thermo
Fisher, RRID AB 2896336), anti-rabbit Alexa Fluor 488 (A21206, Thermo
Fisher, RRID AB_2535792) and anti-rat Alexa Fluor Plus 405 (A48268,
Thermo Fisher, RRID AB_2890549). Insome experiments, samples were
counterstainedin 300 nM DAPI (4’,6-diamidino-2-phenylindole; D1306,
Thermo Fisher), 20 pg ml™ Alexa Fluor 488-labelled PNA (L21409,
Sigma) and/or 1:40 AlexaFluor 647 phalloidin (A22287, Thermo Fisher)
diluted in blocking buffer for 2 h at room temperature, followed by
three washes in phosphate buffered saline (PBS).

Kidneys were imaged in wells created with a 2-mm-diameter
biopsy punch in an -5-mm-thick layer of 15:1 (base/crosslinker) poly-
dimethylsiloxane (PDMS) elastomer (Sylgard 184,2065622, Ellsworth
Adhesives) set in 35 mm cover-slip-bottom dishes (FD35-100, World
Precision Instruments). Imaging was performed using a Nikon Ti2-E
microscope equipped with a CSU-W1 spinning disc (Yokogawa); a
white-light light-emitting diode (LED) for transmitted imaging; laser
illumination (100 mW 405,488 and 561 nmlasersand a75 mW 640 nm
laser); aPrime 95B back-illuminated scientific complementary metal-
oxide-semiconductor (SCMOS) camera (Photometrics); amotorized
stage; x4/0.2 numerical aperture, x10/0.25 numerical aperture and
x20/0.5 numerical aperture lenses (Nikon); and a Stage Top environ-
mental enclosure (OkoLab). The system was operated under control
of NIS-Elements AR software (Nikon, v.5.11.00).

Embryonic kidney data annotation

UB tip positions were manually annotated from confocal stacks in Fiji
(ImageJ2, v.2.14.0) using the multi-point tool. Nephrons per tip were
manually annotated from confocal stacks of the SIX2 and PNA channels,
summing across SIX2+ pre-tubular aggregates or early renal vesicles
and later stages for which connecting tubule junctions with UB tips
were visible as circular intersections in the PNA channel at tips.

Confocal immunofluorescence stacks on the SIX2 channel were
manually annotated to extract kidney outlines at each zplane by manu-
ally tracing using the freehand selection tool in Fiji on an Apple iPad.
These outlines constituted a binary mask stack used as input to the
curvature analysis.

Voronoi, shape index and defect charge analysis

Delaunay triangulations and Voronoi diagrams were created from UB
tip coordinates in MATLAB (TheMathWorks, v.R2022a), filtered by
polygonareaand manually edited to remove Voronoi cells at the edges.
The coordination number was determined as the number of sides of
each Voronoi cell, and shape index p was determined via p = P4,
where Pis the perimeter of a Voronoi cell and A is its area. Heat maps
of shapeindex were produced by interpolation of shape index datain
MATLAB using the ‘'v4’ method in griddata.m. The total disclination
defect charge Q for a particular Voronoi diagram was determined by
summing the topological charges sover all Voronoicells (note,s=6 - z,
where zis the coordination number of a cell).

Packing model

We used physics-based modelling in Rhino (v.7, Robert McNeel & Asso-
ciates) Grasshopper Kangaroo2 (Daniel Piker) to demonstrate repulsive
sphere packing on flat surfaces and spheres in Fig. 1b and on a kidney
surface meshinSupplementary Video 2 (details arein the section ‘Kid-
ney curvature analysis’, below). Quantitative principles of this software
environmentare detailed inref.10. We used the SphereCollide goal to
model sphere mutual repulsion and the OnMesh goal to hold spheres
atflator curvedinterfaces, each with arbitrarily high energy potential
weightings to mimic previously described features of particle packings
on surfaces" %, To create overlay schematics, sphere coordinates
were exported from Rhino and used as input to the same Voronoi and
coordination number analysis performed in MATLAB.

Kidney curvature analysis

The 3D mask stacks of kidney outlines were first exported from the 3D
viewer in Fiji as binary .stl meshes representing kidney surfaces (Sup-
plementary Fig. 1). These .stl files were then imported into Rhino,
remeshed down to -1,000 polygons using quad remesh, smoothed,
triangulated, draped and split to remove the bottom face. Contour
cross-sections were created at 20 pm increments along the long axis
and lofted to create a smooth, regular mesh representing the outer
kidney surface. Surface meshes were exported as .stl files, imported
into MATLAB and represented as height maps using the stlread and
trisurf functions. Exported meshes were also analysed to determine
the Gaussian curvature local to each polygon viaa custom workflow in
Rhino Grasshopper. The area-weighted sum of polygon Gaussian cur-
vature K, I = f,KdA, over an equivalent area covered by the Voronoi
diagram for that surface was then used to compute the integrated
Gaussian curvature in units of disclinations, 2 = HLB

Spatial autocorrelation analysis

The 2D spatial autocorrelation heat maps of tip regions were com-
puted from maximum projections of confocal z stacks on the PNA
fluorescence channel using the Wiener-Khintchine theorem in MAT-
LAB (autocorr2d function, Tristan Ursell).

Polyacrylamide gels

The 7.5% acrylamide and 0.035, 0.05, 0.07 and 0.15% bis-acrylamide
polyacrylamide gels were fabricated as follows™. First, to create sur-
faces that support gel adhesion, standard 1’ x 3’ microscope slides
were cleaned, etched in1 N sodium hydroxide (NaOH) and coated with
asurface layer of 3-(trimethoxysilyl)propyl methacrylate (440159,
Sigma) dilutedin aceticacid and water. Acrylamide and bis-acrylamide
were mixed to appropriate ratios in x1 PBS (x10 stock, no. 1420075,
Gibco) and degassed under vacuum. Polymerization was initiated by
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adding 0.05% (w/v) ammonium persulfate (A3678, Sigma) and 0.05%
(v/v) N.N,N',N'-tetramethylenediamine (T9281, Sigma) and thoroughly
mixing.Some 100 pl of prepolymer mixture was introduced into a~450
1m gap between the methacrylate-silanized ‘half”’ glass slide (split
in two using a diamond scribe) and a 2’ x 3’ dichlorodimethylsilane
(DCDMS)-treated hydrophobic slide (2947, Corning); the gap was
created using triple-layered laboratory tape shims. Polymerization
was carried outinanitrogen-rich atmosphere toreduce the inhibition
effects of oxygen, especially at gel boundaries. Gels used in microin-
dentation measurements contained 0.1% (v/v) of 0.2-pm-diameter
far-red fluorescent carboxylate microspheres (FluoSpheres, F8807,
Thermo Fisher) in the prepolymer mixture to enable measurement
of gel thickness using a confocal fluorescence z stack. Gels used in
Brillouin measurements lacked beads.

Brillouin microscopy

A confocal Brillouin microscope was used for acquiring mechanical
images of kidneys and polyacrylamide gels”. The microscope con-
sisted of a Brillouin spectrometer and a commercial fluorescence
microscope (IX83, Olympus). A continuous wave laser (-17 mW,
660 nm, Torus, Laser Quantum) was used as a light source. The
laser beam was focused into a spot of 0.7 pm x 0.7 pm x 2 pm using
a x40/0.6 objective lens (Olympus). The high-resolution Brillouin
spectrometer was built from a two-stage virtually imaged phased
array (free spectral range FSR =15 GHz, LightMachinery). The spec-
trometer is shot-noise limited and has a spectral precision of 0.01 GHz,
suggesting a sensitivity of 0.16% for water-based materials. Brillouin
spectrawere collected using an electron multiplying charge-coupled
device (EMCCD) camera (iXon Life 897, Andor). During the Brillouin
experiment, kidney tip domains were scanned at room temperature
with a step size of 1 um and an acquisition speed of 50 ms per point.
UB epithelium tip PNA fluorescence was also imaged on a separate
channelto later register with the corresponding Brillouinimages. The
longitudinal modulus (M’) is determined by the measured Brillouin
shift (vy) via the relationship M’ = v,? x A x p/4n?, where A is the wave-
length of the laser and n and p are the refractive index and density
of the sample, respectively. To calculate the longitudinal modulus,
we estimated n =1.40 from literature measurements of the adult
kidney’®. The density was calculated as 1.096 g ml™ based on a pub-
lished relationship between refractive index and density for biological
materials®. According to the linear log-log relationship between lon-
gitudinal modulus (M’) and Young’s modulus (E), the relative changes
of both moduli are related by AE/E = (1/a) x AM’/M’, where the coef-
ficient a=0.0671 was obtained by calibration with an atomic force
microscope using NIH 3T3 cells”.

For polyacrylamide gels, a12 mW laser power was used during
Brillouin measurement. Multiple locations on each sample were meas-
ured, and the averaged value was used to represent the overall Brillouin
shift of the sample. To calculate thelongitudinal modulus, the densities
ofthe gels were estimated based on the concentrations of acrylamide
and bis-acrylamide in water, with the refractive index approximated
as1.33 (ref. 59).

Microindentation

Free-standing mouse kidneys were microindented immediately after
dissection®. Instrumentation was the same as described in ref. 60,
except the indenter arm height was controlled by a stepper motor
(L4018S1204-M6, Nanotec) rather than a hydraulic micromanipula-
tor. Theindenter was fabricated from cylindrical 30 gauge (American
Wire Gage, AWG) SAE 316L stainless steel wire having a diameter of
255 pm. Briefly, after calibrating the spring constant of the tensio-
metric sensor, each kidney was placed in a 35 mm culture dish and
bulk media wicked away to leave the kidney surface semi-dry. The
indenter was immediately lowered at a rate of 12.5 pm s using the z
stage of the instrument to an indentation depth of ~-30 um into the

kidney surface while automatically recording the time, force on the
indenter and indenter z position. Indentation was then halted and
force versustime recorded foranadditional 60-120 s. Poles from the
same kidneys were indented after bisecting kidneys with arazor blade
and facing them pole-side up. Polyacrylamide gels were indented as
previously described*®. Stiffness was inferred using the following
relationship for the indentation of a soft homogeneous material by
aflat hard surface:

Fappl(l - UZ )

Erissue = hindKzt;ssue
where F,,,/hi,qis the slope of force versus indentation depth from the
point of contact after accounting for sensor spring constant; V. is
the Poisson ratio of the tissue, assumed to be 0.5; k is the Hayes cor-
rection factor®, accounting for finite sample thickness (k was deter-
mined for eachwhole kidney stage based on the average kidney/pole
width inferred from confocal image stacks, and for polyacrylamide
gels based on confocal image stacks); and 2ris the diameter of the
probe (255 pm).

Similar to previous analysis®®, force versus time (¢) traces at fixed
indentation depth were normalized to maximum force and fit to the
following three-parameter relaxation relationship using nonlinear
least-squares fitting in MATLAB (the Isqcurvefit function):

Frorm =1—(1— G)(1— e~7) — kt.

This relationship implies a Kelvin-Voigt material with an extra vis-
cous damper in series, where G.. and 7 are an equilibrium modulus
and relaxation time constant, respectively. We refer to k as a viscous
relaxation constant in this work. For the fits underlying the data pre-
sented in Fig. 3d,e, errors in parameter estimates were determined
using the nlparci function in MATLAB. Stated in terms of coefficients
of variation relative to the fitted parameter values (s.d./value x 100),
these were 0.20 + 0.17% (mean + s.d.) with a maximum of 0.82% for
G.., 1.2+ 0.79% with a maximum of 3.3% for 7 and 0.97 + 1.0% with a
maximum of 5.8% for k.

Nuclear aspect ratio and stromal ribbon cell alignment
relative to tip domain interfaces

Cell nuclei were manually annotated at the indicated z depths in
whole-mount confocal immunofluorescence z stacks. Stromal cells
were annotated on the MEIS1/2 channel, and cap mesenchyme nephron
progenitors were annotated on the SIX2 channel. Annotations were
made by manual tracing in Fiji using the freehand selection tool on an
AppleiPad. Aspectratio and angular orientation metrics were output-
ted fromFiji for fitting ellipses of each nuclear mask. The angle of each
nuclear maskrelative to the closest tip domain Voronoi boundary was
thendetermined by manually associating nuclear masks toboundaries
and calculating their angular deviation.

Forceinference

Tip domain Voronoi diagrams were segmented in the Tissue Analyzer
plugininFiji (ref. 62) and output data were passed to MATLAB for Bayes-
ianforceinference using code published by Kong et al.****, We used this
code to compute stress tensors and their isotropic and anisotropic
components for each tip domain using Batchelor’s formula**®*:

Tilyly
O =\~ z Piai6uv + Z I Z a;
i=domains |ij|=interfaces ” 1!” i=domains

where q;isthe areaof domaini, P;isits pressure, §is Kronecker’s symbol,
T;is the tension of the interface i-j separating domains i and j and
I; = (I}, 1) is the vector connecting the two vertices of interface i-j. u
andvareindicesforxandy.

Nature Materials


http://www.nature.com/naturematerials

Article

https://doi.org/10.1038/s41563-024-02019-3

Theresulting stress tensor gcan be considered tobe acombination
of isotropic and anisotropic parts, thatis o = g,/ + 0’, where g, is the
isotropicstress, /isthe identity matrix and ¢’ is the anisotropic (devia-
toric) stress tensor. The o can be drawn as bars representing principal
(maximum and minimum) normal stresses along their eigenvectors
(principal directions), with lengths proportional to their eigenvalues
(magnitudes) A, and A, (ref. 42). The anisotropic stress tensor can be
similarly drawn as one bar representing tension, since the orthogonal
bar of equal magnitude in compression is redundant®. We can sum-
marize theisotropic partofthestress as (4, + 1,)/2 and the anisotropic
partas |4, - A,| (refs. 63,64). Since stress outputs are relative here, we
normalized them to the largest median stress in a given set of shape
index group comparisons.

Laser ablation

Freshly dissected E15 and E17 kidneys were labelled in 20 pg ml™ Alexa
Fluor 488-labelled PNA and 1:1,000 CellTracker Red (Thermo Fisher
C34552,10 mM stock in dimethyl sulfoxide) in Dulbecco’s minimum
essential medium (DMEM, 10-013-CV, Corning) for1 hat 37 °C, washed
three timesin DMEM and placed in2-mm-diameter PDMS wells (details
in the section ‘Whole-mount confocal kidney immunofluorescence
imaging’), this time plasmabonded to a quartz cover-slip (no.1thick-
ness, Ted Pella, 26014) to maximize UV transmission. In some experi-
ments, kidneys were incubated for 4 h with 30 uM ROCKi Y-27632 in
DMEM orin DMEM without ROCKias anincubated control prior to PNA
and CellTracker labelling and ablation. Kidneys were ablated using a
355 nmUVlaser (Molecular Machines & Industries, MMI, SL pCut v.1.0)
through a x10 objective on a Nikon Eclipse TE2000-S controlled by
MMl software witha Sony DXC-390P three-CCD digital signal process-
ing camera (resolution of 1.1 um per pixel under experiment condi-
tions). Cut opening time-lapses were imaged from the microscope
monitor using a tripod-mounted iPhone 8 (Apple) video camera and
spatially calibrated using fiducial marks in the MMI software. Micro-
scope cameraoutputwas spatially and temporally super-sampled sev-
enfold and tenfold, respectively, using this approach. The microscope
data collection frame rate was 3 Hz (0.33 s period), giving sufficient
resolution to capture recoil time constants 7, which were in the range
of 4-20 s. Intensity and spatial calibration target patterns were dis-
played in Microsoft Paint software (Microsoft Corporation, v.5.1) on
the laser-capture microdissection systemscreen and recordedin the
same manner as ablation data. Spatial calibration targets were manu-
ally segmented in Fiji and plotted against nominal dimensions. Cut
fluorescence traces were nonlinear least-squares fit using the fit func-
tionin MATLAB at each time-lapse frame with Gaussians of the form

2

a—be_(%)

where a is fluorescence background, b is magnitude, c is spatial shift
and d = v/2ginterms of standard deviation 0. Spatial resolution condi-
tions translated to ~30 microscope camera-level data points per Gauss-
ian fit, contributing to fit R* values being typically >0.95.

Cut opening width was taken to be the width of the Gaussian at

10% of maximum:
L =24/-2In(0.1)o.

Cut opening width trajectories were nonlinear least-squares fit with
the Kelvin-Voigt model equation** using the Isqcurvefit function in
MATLAB:

L©O-L©)=D(1-€)

where L(0) and L(¢) are cut opening widths at time zero and time ¢,
respectively; Dis the asymptotic cut opening distance; and ris atime

constant. Errorsin parameter estimates stated in terms of coefficients
of variation relative to the fitted parameter values were determined
using the nlparci function.

Kidneys were fixed after ablations in ice-cold 4% paraformalde-
hyde for 15 min, washed three times with PBS and imaged by confocal
microscopy (details are in the section ‘Whole-mount confocal kidney
immunofluorescence imaging’).

Statistics and reproducibility

Measurements were collected from 2-3 separate experiments (biologi-
calreplicates) in cases where representative dataare presented. Sample
size (n) and statistical tests are noted in figure legends. One-way ANOVA
with correction for multiple comparisons using Tukey’s honestly sig-
nificant difference test was performed in MATLAB using the anoval and
multcompare functions. Paired and unpaired ¢-tests were performed
in MATLAB using the ttest and ttest2 functions, respectively.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data necessary to evaluate the conclusions of this study are pre-
sented in the paper and Supplementary Information. Raw image
stacks are available upon request due to prohibitive file sizes.
Source data are available via Github at https://github.com/ahug030/
kidney_jamming.

Code availability

Code used to generate curvature and height maps, Voronoi networks
and shape index data, and sphere packing simulations is available at
https://github.com/ahug030/kidney_jamming.
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et al., Nature Protocols, 2014; Short et al., Developmental Cell, 2014). Other validation data is available at vendor websites.
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Ethics oversight

E14-17 embryos were collected from wild-type timed pregnant CD-1 mice (Charles River Laboratories, RRID:IMSR_CRL:022) and
stages were confirmed by limb anatomy. Mice were housed in standard ventilated cages (single occupancy) in a conventional rodent
facility at 72 degrees F, 50% humidity, with free access to water and food and kept on a 12 hour light cycle. Pregnant breeders were
8-10 weeks old upon receipt.

No wild animals were used in this study.

Kidneys were analyzed without regard to embryo sex. Sexual dimorphism appears to be small for a range of anatomical features in
mouse embryonic kidney (Short & Smyth, Scientific Reports, 2015). We treated sex as one contributor to experimental variability in
this paper.

No field-collected samples were used in this study.

Mouse protocols followed National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use
Committee of the University of Pennsylvania (protocol # 80700).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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