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Scaling behaviour and control of nuclear 
wrinkling

Jonathan A. Jackson    1,2,7, Nicolas Romeo    3,4,7, Alexander Mietke    3,5, 
Keaton J. Burns    3, Jan F. Totz3, Adam C. Martin    1, Jörn Dunkel    3   & 
Jasmin Imran Alsous    6 

The cell nucleus is enveloped by a complex membrane, whose wrinkling 
has been implicated in disease and cellular aging. The biophysical 
dynamics and spectral evolution of nuclear wrinkling during multicellular 
development remain poorly understood due to a lack of direct quantitative 
measurements. Here we characterize the onset and dynamics of nuclear 
wrinkling during egg development in the fruit fly when nurse cell nuclei 
increase in size and display stereotypical wrinkling behaviour. A spectral 
analysis of three-dimensional high-resolution live-imaging data from several 
hundred nuclei reveals a robust asymptotic power-law scaling of angular 
fluctuations consistent with renormalization and scaling predictions from a 
nonlinear elastic shell model. We further demonstrate that nuclear wrinkling 
can be reversed through osmotic shock and suppressed by microtubule 
disruption, providing tunable physical and biological control parameters 
for probing the mechanical properties of the nuclear envelope. Our findings 
advance the biophysical understanding of nuclear membrane fluctuations 
during early multicellular development.

Wrinkling and flickering of flexible sheet-like structures essentially 
determine the mechanics and transport in a wide range of physical 
and biological systems, from graphene1,2 and DNA origami3 to nuclear 
envelopes (NEs)4–7 and cell membranes8,9. Over the last decade, much 
progress has been made through experimental and theoretical work 
in understanding the effects of environmental fluctuations on the 
bending behaviours of carbon-based monolayers10 and the shape 
deformations of lipid bilayer membranes of vesicles11–13 and cells14,15. 
In contrast, the emergence and dynamical evolution of surface defor-
mations in NEs6,7,16 at different length- and timescales, to which we refer 
throughout this paper simply as ‘wrinkling’, still pose fundamental open 
questions, as performing three-dimensional (3D) observations at high 
spatiotemporal resolution remains challenging under natural physi-
ological and developmental growth conditions. Specifically, it is unclear 
how NE wrinkle formation proceeds during cellular development,  

which biophysical processes govern wrinkle morphology and whether 
there exist characteristic scaling laws for NE surface fluctuations5,6,17. 
Addressing these questions through quantitative measurements prom-
ises insights into the physics of complex membranes and can clarify 
the biological and biomedical implications of NE deformations that 
have been linked to gene expression6, cellular aging18 and diseases like 
progeria syndrome4,19.

In this Article, we combine 3D confocal microscopy, theoretical 
analysis and simulations to characterize the wrinkling morphology and 
dynamics of nuclear surfaces in fruit fly egg chambers. A spectral analy-
sis of over 300 nuclei provides evidence for an asymptotic power-law 
scaling of the surface fluctuations, consistent with predictions from 
renormalization calculations20,21 and scaling arguments based on a 
nonlinear elasticity model for thin shells. Although the scaling is found 
to be highly robust against physical and biological perturbations,  
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To obtain a compact 3D spectral representation of the nuclear 
surface deformations, we computed the real spherical harmonic coef-
ficients flm, defined by

R(θ,ϕ) =
lmax

∑
l=0

l
∑

m=−l
flmYlm(θ,ϕ), (1)

where Ylm is the spherical harmonic with angular number l and order m 
(Methods). Equation (1) allows for a continuous reconstruction of the 
NEs (Fig. 1d and Supplementary Fig. 3), with the mode-cutoff lmax setting 
the angular resolution of the spectral representation (Methods). The 
coefficient values {flm} depend on the choice of coordinate system, that 
is, the orientation of the nuclei. To obtain a rotation-invariant charac-
terization of the surface wrinkles, we consider the power spectrum of 
radial out-of-plane deformations as

Pl =
4π

(2l + 1)f 200

l
∑

m=−l
f 2lm, (2)

normalized by the average radius of the shell ⟨R⟩ = f00/√4π . The 
non-negative numbers Pl measure the average power in a mode of angu-
lar wavenumber l. A single-valued summary statistic of surface  
wrinkling can be given in terms of the ‘roughness’ parameter 
Ro = ∑l≥3(2l + 1)Pl, the total power contained in angular numbers l ≥ 3. 
By ignoring the long-wavelength modes l < 3, Ro  measures the  
contribution of finer-scale wrinkles to NE deformations. Our analysis 
of over 300 nurse cell nuclei shows that the power spectrum of NEs 
maintains an approximately constant shape as development pro-
gresses, but with a steadily increasing amplitude (Fig. 1e and Supple-
mentary Fig. 4), reflecting the fact that wrinkling becomes more 
pronounced as the nuclei increase in size. Ro increases exponentially 
with the time proxy (Fig. 1f), suggesting that nurse cell nuclei smoothly 
transition from an unwrinkled to a wrinkled state.

Nuclear surface wrinkling is a highly dynamic process6. By imaging 
individual nurse cells at ~40 s intervals, we too observed that the NE 
surface shapes substantially fluctuate, with smaller features appearing 
and disappearing faster than larger ones (Fig. 1g and Supplementary 
Video 2). Specifically, power spectra Pl of repeatedly imaged nuclei 
changed on timescales of minutes or faster (Supplementary Figs. 4  
and 5). The rotational invariance of the spectra implies that these 
fluctuations are not the result of whole-body rotations, but instead 
reflect a rapid shape dynamics of NE surfaces. Experimental limitations 
prevented the quantification of timescales for the entire 3D surface, 
but our observations are qualitatively consistent with findings that 
smaller wrinkles typically decay faster15,36. Furthermore, the fact that 
the deformation spectrum is monotonically decreasing (Fig. 1e) implies 
that there is no preferred wavelength, suggesting that the observed 
NE shapes do not correspond to fluctuations about the steady states 
of buckled shells, but instead reflect dynamic wrinkling across all the 
experimentally resolved angular scales.

Both maximum-intensity projections (MIPs) and spectral recon-
structions show that NE wrinkles and creases are sharp, with narrow 
bent regions separated by flatter areas (Fig. 1). This morphology is 
reminiscent of the nonlinear stress-focusing characteristic of crum-
pled elastic sheets and shells such as ordinary paper sheets, which are 
much more easily bent than stretched1,37,38. In particular, these geo-
metric nonlinearities lead to anisotropic responses when point forces 
are applied to the shell38. To rationalize the experimentally observed 
wrinkle morphology at spatial scales larger than the NE thickness, we 
constructed a minimal effective elastic model, describing the NE as 
a deformed spherical shell (equilibrium radius R). In spherical coor-
dinates r = (θ, ϕ), the shell has an isotropic elastic free energy of21,39

Fshell = ∫ d2r [κ2 (∇
2f )2 + λ

2 ϵ
2
ii + μϵ2ij] , (3)

its magnitude (prefactor) can be tuned via osmotic pressure variation 
and microtubule disruption. These two different control mechanisms 
enable the tuning and probing of the NE’s spectral and mechanical 
properties and provide biophysical strategies for suppressing and 
reversing nuclear wrinkling.

The NE is a double membrane that separates the cell’s nuclear inte-
rior from the surrounding cytoplasm. The two concentric ~4-nm-thick 
lipid bilayers are ~20–50 nm apart and are supported by the nuclear 
lamina, a non-contractile meshwork of intermediate filaments that 
lie adjacent to the inner nuclear membrane, conferring mechanical 
stability and affecting essential cellular processes through the regu-
lation of chromatin organization and gene expression22,23. Among 
other proteins, the NE contains nuclear pore complexes—multipro-
tein channels that primarily regulate the passage of macromolecules 
between the nucleus and the cytoplasm24,25. Recent in vitro studies have 
provided key insights into the role of lamins, cytoplasmic structures 
and the physical environment in affecting NE morphology, as well as 
evidence for the critical importance of nuclear shape for many cellular 
and nuclear functions4,17, including transcriptional dynamics6. Despite 
notable progress, a quantitative understanding of how wrinkling phe-
nomenology and 3D spectral properties of nuclear surfaces evolve in 
time and during cellular development has remained elusive.

To investigate the biophysical dynamics, scaling behaviours and 
reversibility of nuclear wrinkling, we used the egg chamber of the 
fruit fly Drosophila melanogaster, a powerful system amenable to 3D 
high-resolution live imaging and targeted biological and physical per-
turbations26. The egg chamber contains 15 nurse cells and the oocyte 
(the immature egg cell), all connected via cytoplasmic bridges and 
enclosed by a thin layer of hundreds of follicle cells (Fig. 1a; Supplemen-
tary Fig. 1 shows the schematic27). For most of the ~3 days of oogenesis, 
the nurse cells supply proteins, mRNAs and organelles to the oocyte 
through diffusion and microtubule-mediated directed transport28–31. 
To provide the prodigious amount of material and nutrients that the 
oocyte needs, each nurse cell replicates its DNA ~10 times without 
undergoing cell division, thereby considerably increasing its nuclear 
and cell sizes32. In the ~30 h window studied here, the diameter of the 
nurse cell nuclei in the cells directly connected to the oocyte increases 
from approximately 16 to about 40 µm (refs. 32,33), accompanied 
by the progressive appearance of fold-like deformations in the NE, 
providing an ideal test bed for studying the onset and evolution of NE 
wrinkling (Fig. 1b,c).

To compare nurse cell nuclei within the same egg chamber and 
across different egg chambers, we defined a proxy measurement for 
developmental time (referred to here as the ‘time proxy’) based on the 
geometric average of the egg chamber’s length and width (Methods, 
Supplementary Section III-1 and Supplementary Fig. 1b,c). Since the 
egg chamber geometry closely correlates with developmental progres-
sion, adopting this continuous geometric characterization offers finer 
temporal resolution than the traditional approach of distinguishing 
14 discrete morphological stages28,29 (Supplementary Fig. 1c provides 
a comparison between the time proxy and developmental stage). By 
time ordering nuclei according to this metric, we could more accurately 
determine the time of emergence of nuclear wrinkling and reconstruct 
its evolution (Fig. 1b,c). To track the NEs of nurse cells in space and time, 
we used a fluorescently tagged version of the nuclear pore complex 
protein Nup107 that delineates the nucleus (Supplementary Video 1; 
Supplementary Fig. 2 shows the qualitatively similar wrinkling patterns 
using a different labelled protein in the NE and via label-free imaging). 
Note that this label allows the observation of only deformations that 
include both membranes of the NE but is unlikely to label deformations 
that include only the inner membrane, such as type-I nucleoplasmic 
reticula34,35. Having acquired highly resolved 3D imaging data (Fig. 1c 
and Supplementary Fig. 3), we reconstructed the nuclear surface radius 
R(θ, ϕ) relative to the geometric centre of the nucleus, where θ and ϕ 
are the spherical polar angles.
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Fig. 1 | Dynamic wrinkling of nurse cell’s NEs during Drosophila egg 
development. a, MIP of a 3D image of an egg chamber expressing GFP-labelled 
Nup107, a component of the nuclear pore complex. The wrinkled nuclei of the 15 
nurse cells are substantially larger than those of the surrounding follicle cells.  
b, MIP of four egg chambers showing an increase in nurse cell nuclear size and 
nuclear surface deformation as the egg chambers age. The curved arrows 
indicate developmental progression from the youngest (i) to the oldest (iv).  
c, MIPs of individual nurse cell nuclei from six egg chambers spanning all of the 
ages included in our dataset, showing an increase in nuclear radius and NE 
wrinkling with age. Note that the scale bar is the same size for each image; the 
oldest nucleus shown is about 2.3 times the diameter of the youngest shown.  
d, Spectral reconstruction of NE surfaces shown in c from the 3D microscopy data 
using spherical harmonics with an angular number up to lmax = 25 (equation (1) 

and Methods). Time proxy values for each nucleus are included above the 
reconstructions. e, Power spectra normalized by the average radius for N = 78 
nuclei from 39 egg chambers in nurse cells directly connected to the oocyte 
(results are qualitatively similar for nuclei farther away from the oocyte; 
Supplementary Fig. 4). The hashed area indicates the approximate noise 
threshold for young nuclei; the colour indicates the time proxy (corresponding 
to the colour bar in d) as defined in the main text and detailed in Supplementary 
Section III-1. f, NE roughness Ro = ∑l≥3(2l+ 1)Pl  for the same nuclei as in e 
increases exponentially with time proxy (Supplementary Fig. 4). g, Snapshots of 
the same nucleus at four different time points illustrate that NE wrinkling is a 
dynamic process (Supplementary Video 2). The blue and orange arrowheads 
point to wrinkles that disappear and appear, respectively, between subsequent 
frames. Scale bars, 50 μm (a and b); 10 μm (c and g).
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where i, j ∈ {θ, ϕ} and using the Einstein summation convention. The 
energy functional (equation (3)) accounts for bending stiffness through 
a Helfrich-like bending term that penalizes out-of-plane deformation 
f (positive when pointing inwards) and the stretching of the membrane 
through the nonlinear strain tensor ϵij. The two-dimensional Lamé 
parameters λ and μ are proportional to two-dimensional Young’s 
modulus Y. The strain combines contributions from f and from the 
in-plane deformation u(r) (Supplementary Section IV). We also allow 
for a preferred radius of curvature Rc of the shell mismatched with 
radius R of the shell Rc ≥ R, which in the large-Föppl–von Kármán (FvK) 
regime leads to a strain tensor ϵij =

1
2
(∂iuj + ∂jui + ∂i f∂j f ) − δij f/Rc  

(Supplementary Section IV). Previous work40–42 has shown the NE to 
be stiffer than most biological membranes and to be well described as 
a thin membrane of a 3D isotropic elastic material with an effective 3D 
Young’s modulus of E ≈ 1 kPa and thickness of h ≈ 10−100 nm (Supple-
mentary Section IV-5 provides a more detailed discussion of the limita-
tions of fluid membrane models), leading to a bending rigidity of 
κ = 100−300kTeq ≈ 10−18 J (Teq is the room temperature) and a stretching 
rigidity captured by the two-dimensional Young modulus of 
Y ≈ 10−4 N m–1 (ref. 43). By construction, these moduli are approximately 
related through the effective thickness h ≈ √κ/Y  (ref. 21). Note that Y 
is a factor of 103 smaller than the stretching rigidity of a lipid bilayer, 
potentially explained by the presence of ‘area reservoirs’ in NEs and by 
conformational changes in transmembrane proteins44. For a shell of 
radius R, one can define the FvK number γ = YR2/κ, which describes the 
relative propensity of the material to bend rather than to stretch. Using 
the above values, we find that the NE has a large FvK number of 
γ ≈ 104−106, comparable with that of a sheet of paper or graphene1. 
Accordingly, the NE is more amenable to bend than to stretch, and 
deformations are expected to appear as sharp wrinkles and creases, 
in agreement with our observations (Fig. 1).

To compare the surface shapes and fluctuation predicted by equa-
tion (3) with our experimental data, we simulated the equilibrium 
Langevin partial differential equation derived from this free energy 
(Methods and Supplementary Section IV-4 provide the simulation 
details). The simulations account for hydrodynamic coupling and 
both passive and active fluctuations, which are modelled by an effec-
tive temperature kTeff. Despite the model’s minimal character and 
theoretical limitations of equation (3) at long wavelengths where l → 0 
(Supplementary Section IV), the numerically obtained shapes (Fig. 2a) 
are qualitatively similar to those in the experiments (Fig. 1d). In the 
experimentally accessible range of low-to-intermediate angular wave 
numbers (3 ≲ l ≲ 11), the angular spectra extracted from the simulations 
at different ratios of kTeff/κ ∈ [0.05, 0.50] (Fig. 2b) and experimental 
data (Fig. 1e) also show an approximately similar decay, suggesting that 
the minimal elastic shell model in equation (3) captures relevant fea-
tures of the NE, providing a basis for further analysis and predictions.

The main feature of the experimentally measured spectra is that 
both younger and older nuclei exhibit a similar asymptotic power-law 
decay in the limit of small angular numbers l ≤ 10 (Fig. 2c). To rationalize 
this observation, we first note that the scaling behaviour in our experi-
ments deviates from the basic linear response theory predictions, 
which is expected because even for younger nuclei, the radial fluctua-
tions f typically exceed the NE thickness h ≈ 10−3R (Fig. 1c–f). More 
precisely, for small fluctuations (f ≪ h ≪ R) and small thermodynamic 
pressures (p ≪ pc = 4√κY/R2

c, where pc is the critical buckling pressure 
of the sphere), linear response theory predicts that the power spectrum 
Pl exhibits a plateau for l ≤ lc and falls off as l−4 for l ≫ lc with a crossover 
value of lc ≈ γ1/4√R/Rc  (Supplementary Section IV)21,45, which is not 
seen in our experiments (Figs. 1e and 2c). Indeed, classical shell theory2 
states that nonlinear effects become important when the out-of-plane 
deformations f become comparable with or exceed the shell thickness 
h, which is generally the case in our data where h ≪ f ≪ R (Fig. 1c,d,g). 
Nonlinear analysis of elastic plates and shells has a long history20,46 and 
has seen major advances in the last decade21,39, motivated in part by the 

discovery of graphene47. As demonstrated above, the FvK number of 
the NE is comparable with that of graphene, so we can borrow and apply 
recent theoretical results to understand the fluctuation spectra of the 
NE. Specifically, a detailed renormalization group (RG) analysis21,48 of 
equation (3) showed that for sufficiently small plate fluctuations, elastic 
nonlinearities lead to a modified asymptotic decay of Pl ∝ l−3.2, consist-
ent with our experimental and simulated data (Figs. 1e and 2b,c) and 
with previous experiments in red blood cell spectrin networks49. In 
particular, earlier studies20,21,39 also predicted that the interplay of 
elastic nonlinearities and fluctuations can cause the spontaneous col-
lapse of sufficiently large shells, suggesting a physical mechanism that 
could contribute to the eventual breakdown of the nurse cell’s NE when 
these cells donate their contents to the oocyte30,50.

The previously mentioned RG methods can give rise to divergences 
in large deformation regimes, where nonlinearities dominate the shell’s 
response (Supplementary Section IV and Supplementary Fig. 9). To 
obtain an analytical prediction for the scaling in the larger-deformation 
regime h ≪ f ≪ R < Rc, relevant to older nuclei, we performed an asymp-
totic dimensional analysis that provides additional insights into how 
NE wrinkling can be controlled. To that end, we added an effective 
pressure term Fp = −∫d2r pefff to the elastic free energy Fshell, where peff 
accounts for a normal load, which may arise from osmotic pressure 
differences or microtubule-induced local stresses. Using L to denote 
the length scale of the characteristic surface variation and omitting 
numerical prefactors that depend on details of the adopted thin-shell 
modelling approach (Supplementary Section IV), one finds that for 
shells of thickness h ≈ √κ/Y , the various free energy components give 
scaling contributions of the form21

δF
Y ≈ (hL )

2

( fL)
2

+ ( f
Rc
)
2

+ f
Rc
( fL)

2

+ ( fL)
4

− peff f
Y . (4)

The first term corresponds to bending and the second and third terms 
arise from the non-zero curvature of the undeformed shell. The fourth 
term describes the nonlinear response associated with changes in the 
Gaussian curvature of the shells. For well-developed wrinkles with f ≫ h, 
the first term can be neglected as it is smaller than the fourth term. 
Considering wrinkle amplitudes fl at the spatial length scale of L ≈ R/l, 
where l is the angular wavenumber, the remaining terms can be recast as

δFl
Y ≈ ( fl

Rc
)
2

+ fl
Rc
( flR)

2

l2 + ( flR)
4

l4 − peff
Y fl. (5)

Since Rc > R, the first two terms will be dominated by the l4 term, imply-
ing that at the steady state, this quartic term and the pressure term 
must balance out, consistent with a corresponding earlier result for 
flat plates with Rc = ∞ (ref. 2). We, thus, find fl ≈ (peff/Y)1/3(R/l)4/3, and 
hence, for the angular power spectrum Pl ≈ (fl/R)2 (equation (2)), the 
scaling law becomes

Pl ≈ (peffR
Y )

2/3
l−8/3. (6)

In this scaling regime, the surface deformation dynamics is dominated 
by the shell’s resistance to stretching, which causes changes in its Gauss-
ian curvature51. Both our experimental data (Fig. 2c and Supplementary 
Fig. 4) and spherical shell simulations (Supplementary Fig. 8) show 
an asymptotic spectral decay Pl ∝ l−α with an exponent α in the range 
of 8/3 < α < 3.2, predicted by the scaling analysis and RG calculations.

Both equation (6) and the robustness of the experimentally 
observed scaling behaviour in time (Fig. 2c and Supplementary Fig. 4) 
and under different chemical and physical perturbations (Fig. 3) sug-
gest that the emergence of NE wrinkling is primarily controlled by the 
material properties and the effective pressure peff induced by  
thermal and active fluctuations. For Gaussian fluctuations with 
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effective temperature Teff, previous theoretical work21,39 showed that 
peff ≈ pc(kTeff)√γ ≈ (Y/R)(kTeff/κ), where pc = 4√κY/R2 is the critical 
buckling pressure for a homogeneous spherical shell. If in addition to 
a fluctuating pressure p′, there are uniform loads, such as those caused 
by osmotic pressure differences, we find peff = p′(R/〈R〉)3 accounts for 
excess area contributions to the amplitude (as long as the shell is not 
stretched taut; Supplementary Section IV-3). Inserting these results 
into equation (6), the scaling analysis predicts that wrinkle formation 
can be tuned by changing the bending rigidity κ, the activity kTeff and 
the cell’s osmotic pressure balance (Supplementary Section IV-2.4 
provides a comparison with RG predictions).

To test these predictions and investigate the role of the NE’s mate-
rial structure during wrinkle formation, we performed live-imaging 
experiments in which we measured the concentration of a structural 
component that determines nuclear stiffness. Elastic properties of the 

NE are known to strongly depend on the nuclear lamina52, a roughly 
10–100-nm-thick meshwork of intermediate filaments that abuts the 
NE’s inner membrane22. Drosophila have two lamin proteins, namely, 
lamin C (a developmentally regulated A-type lamin similar to mam-
malian lamin A/C53,54) and lamin Dm0 (a B-type lamin present in most 
cell types). Through the live imaging of egg chambers simultaneously 
expressing a fluorescently labelled nuclear pore complex protein 
(Nup107) and lamin C as well as through fixed imaging with an anti-
body against lamin C, we found that as the egg chambers age and 
the nurse cells grow in size, the ratio of lamin C to Nup107 decreases  
(Fig. 2d,e and Supplementary Fig. 6a–c), whereas the intensity of 
Nup107 remains roughly constant (Supplementary Fig. 6d). Nonethe-
less, at the experimentally resolved spatial scales, lamin C continues 
to appear alongside Nup107 at the sites of wrinkles (Supplemen-
tary Fig. 6e–i). This reduction in lamin C concentration might cause 
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of ~3 for the wrinkle power spectrum, in agreement with experiments. 
a, Equilibrium simulation snapshots of nuclei at temperature Teff = 10Teq, 
undeformed radius R = 25 μm and Rc/R = 20, at a fixed FvK number of γ = 3 × 104 for 
varying elastic moduli controlled by kTeff/κ. The colour indicates the normalized 
deviation of the surface from the mean shell radius. b, Time-averaged spectra 
of the simulated NEs of undeformed radius R = 25 μm, Rc/R = 20 and Teff = 10Teq 
for different moduli κ and Y at fixed γ = 3 × 104, showing the transition from weak 
nonlinearity to strong nonlinearity as the bending rigidity decreases. The colour 
bar matches the dots from a. c, Binned averages of spectra from nuclei in nurse 
cells directly connected to the oocyte reveal that shape fluctuations follow a 
scaling law with an exponent between −3.2 and −8/3 that is obeyed throughout 
development. ‘Young’ nuclei have a time proxy between 80 and 140, N = 29 
nuclei, 12 egg chambers; ‘old’ nuclei have a time proxy between 160 and 220, 

N = 40 nuclei, 22 egg chambers. The bars show extremal values. The hashed area 
indicates the approximate noise threshold for young nuclei. (Supplementary 
Figure 4 shows a comparison between the nuclei at different positions in the egg 
chamber). d, Fixed egg chambers expressing Nup107::RFP and stained for lamin 
C, showing a decrease in lamin C intensity in nurse cell nuclei as the egg chambers 
increase in age. In contrast, the Nup107::RFP intensity stays relatively constant. 
The same trend is observed in the live imaging of egg chambers expressing 
LamC::GFP and Nup107::RFP (Supplementary Fig. 6a). The wrinkling of nuclei 
in younger egg chambers (all but the rightmost) results from fixation and is not 
observed in live imaging until later stages. The arrows indicate increasing age; 
the egg chamber boundaries are shown by the dashed outlines. Scale bar, 50 μm. 
e, Normalized lamin C fluorescence intensity decreases approximately fivefold 
over time. Methods provides the normalization details. N = 337 nuclei from 23 egg 
chambers; the coloured dots show the means for each egg chamber.
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the softening of NE and a reduced bending rigidity κ that increases 
wrinkle amplitudes52, as predicted by equation (6). However, given 
the challenge in performing perturbative studies (Supplementary  
Section I-6), it is not possible to assess the functional importance of 
lamin C decrease from our data.

In addition to material properties, active fluctuations55 or hydro-
dynamic effects11,56 can substantially affect buckling and pattern 
formation in shells and membranes12,57,58. To explore how changes in 

cytoskeleton-mediated intracellular activity59 influence the spectrum 
of NE deformation, we performed additional perturbation experiments 
targeting the cytoplasmic microtubule and actin networks. Previ-
ous work showed that incoherent microtubule dynamics can cause 
fluctuations in NE during cellularization of the Drosophila embryo60. 
Consistent with this earlier report and with the predictions of equa-
tion (6), we found that the inhibition of microtubule polymerization 
by the small-molecule inhibitor colchicine considerably reduces the 
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Fig. 3 | Perturbation experiments confirm the robustness of observed scaling 
laws and reveal NE wrinkling reversal mechanisms. a, MIP of one egg chamber 
before (top) and after (bottom) the inhibition of microtubule polymerization 
by colchicine, showing that microtubule disruption can reverse wrinkling 
(Supplementary Video 4). b, MIPs before and after hypertonic shock using an 
external culture medium of 1.5× osmolarity, showing an increase in wrinkling. 
c, MIPs before and after hypotonic shock using an external culture medium of 
0.5× osmolarity, showing a decrease in wrinkling. Egg chambers in a–c have time 
proxies of 171, 174 and 171, respectively. d, Power spectrum after microtubule 
inhibition by colchicine still follows a power law with roughly the same exponent, 
with a reduction in roughness by a factor of 2 (inset). N = 49 pre-colchicine and 
post-colchicine nuclei, from six egg chambers for time proxies 169–182. For 

box plots, the plus signs denote mean; middle line is the median; the top and 
bottom edges of the box are the upper and lower quartiles, respectively; and 
whiskers span from 9% to 91% of the data range. e, In the presence of increased 
inwards (hypertonic) or outwards (hypotonic) pressure, the overall shape 
of the power spectrum remains approximately conserved. Hypotonic shock 
treatment reduces the wrinkle amplitudes, providing a reversal mechanism for 
NE wrinkling. The spectra were computed using 49 control, 15 hypertonic and 30 
hypotonic nuclei in the time proxy range 165–185, from 6, 3 and 6 egg chambers, 
respectively, using nuclei from all the nurse cells rather than only those directly 
connected to the oocyte. Supplementary Figure 7 shows the roughness values 
over a larger range of time proxies. Scale bar, 20 μm.
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amplitude of fluctuations (Fig. 3a, Supplementary Fig. 11a,b and Sup-
plementary Videos 4 and 5). Colchicine treatment also decreased the 
nucleus volume by 5–20%; however, as a volume decrease for a similar 
surface area would lead to a rougher rather than smoother NE in the 
absence of other factors, it is unlikely that volume reduction explains 
the effects seen on colchicine treatment. Furthermore, colchicine 
addition reduced the motion of cytoplasmic contents of the cells (Sup-
plementary Videos 6 and 7), suggesting that microtubule-mediated 
active fluctuations contribute to NE wrinkling. However, colchicine 
addition in older egg chambers (time proxies roughly over 185) had a 
less noticeable effect, decreasing the rotational motion of nuclei but 
not leading to the same extent of observable unwrinkling as in younger 
egg chambers. In contrast, the perturbation of actin by cytochalasin D 
did not unwrinkle the NE (Supplementary Fig. 11c,d and Supplementary 
Videos 8 and 9), suggesting that cytoplasmic F-actin is not a major con-
tributor to NE wrinkling during the developmental stages studied here. 
The observation that the inhibition of microtubule polymerization 
reduces the wrinkle amplitude but does not change the spectral scaling 
behaviour (Fig. 3d) suggests that to the leading order, non-equilibrium 
contributions to NE fluctuations arising from microtubule dynamics 
can be modelled through an effective temperature kTeff (refs. 9,15).  
We also tested other mechanisms known to contribute to NE defor-
mation, such as sustained impingement by cytoskeletal filaments or 
changes to chromatin structure (Supplementary Section II), but found 
lamin C decrease to be the dominant factor correlating with NE wrin-
kle formation (Supplementary Figs. 10, 11 and 12 and Supplementary  
Video 3). Nonetheless, other factors than the ones addressed in this 
study could also participate in NE wrinkling, as our model is a simpli-
fication of a complex biological process.

Equation (6) also suggests that osmotic pressure variations can—
by tuning the available excess area61,62—enhance or reverse wrinkle 
formation by up- or downshifting the deformation spectrum without 
changing its characteristic decay. To test this prediction, we performed 
osmotic shock experiments and found that adding salt to the ambi-
ent culture medium (hypertonic shock) increases the total external 
pressure on the NE, which drives fluid out of the nucleus and leads to 
visibly more wrinkled surfaces (Fig. 3b,e). Conversely, reducing the salt 
concentration in the culture medium (hypotonic shock) decreases the 
external pressure and leads to the substantial smoothening of wrinkled 
NE (Fig. 3c,e and Supplementary Fig. 7; Supplementary Section I-5 
provides the experimental details and Supplementary Section IV-3 
provides an explanation of the connection between osmotic pressure 
and wrinkle amplitude). In both cases, NEs maintained their altered 
morphology for 15–30 min before nuclear shapes trended back towards 
their pre-shock state, presumably through regulatory mechanisms 
that partially compensate for osmotic changes. In agreement with  
equation (6), the spectral slopes remained approximately preserved 
for both types of shock. Taken together, these results support the 
hypothesis that wrinkle morphology and the dynamics of deformation 
of the nurse cells’ NE are dominated by a nonlinear elastic response 
rather than liquid-like behaviour.

NE wrinkles have been associated with biological processes includ-
ing nuclear positioning6, and as a mechanosensitive element of the cell, 
the NE can regulate chromatin dynamics and force-induced transcrip-
tion factor movement through nuclear pore complexes16,63–65. Here, we 
observed an increase in NE wrinkling during egg chamber growth that 
correlates with an increase in nuclear size along with a decay in lamin 
C concentrations. Although NE wrinkling may affect the nurse cells’ 
chromatin organization and transcriptional states, NE wrinkles may 
instead simply result from concomitant nucleus growth and decrease 
in lamin C density in cells that are fated to die to enable egg develop-
ment. It is nonetheless tempting to propose that NE wrinkles could 
act as a tension buffer: tension applied to the NE would initially unfold 
the wrinkles before leading to substantial in-plane strain that might 
cause NE rupture. Such a two-stage response to tension has indeed 

been observed during cell spreading, in which an NE stretch-mediated 
response occurs only after the initially wrinkled nucleus flattens by a 
certain amount5,17.

Prior work has shown that some nurse cells in stages 5–9 egg cham-
bers have a high level of intranuclear actin, which decreases from stage 
10 onwards66. Additionally, in other contexts such as the Drosophila 
larval muscle, lamin C mutants can induce the formation of intranu-
clear actin rods and potentially deform the nuclei67. These findings 
suggest that changes in intranuclear actin levels or organization may 
also affect wrinkling; however, whether they increase or decrease 
wrinkling remains unclear (Supplementary Section II). Another future 
prospect is to investigate how NE wrinkling changes when the lamin C 
density is exogenously modified, allowing further comparisons with 
theory and clarifying whether NE wrinkling has a biological function. 
Due to complications with existing fly reagents for perturbing lamin C 
levels in the female germline, increasing or decreasing the expression 
of lamin C in the nurse cell’s NEs proved challenging (Supplementary 
Section I-6); therefore, developing such genetic tools would constitute 
a substantial technical advance. A further limitation of our study is that 
the continuum model is a simplification of the complex anatomy of the 
NE and that our measurements cannot distinguish between features 
that only include a single NE membrane layer or are below the resolu-
tion limit of confocal light microscopy.

To conclude, our experimental and theoretical results suggest that 
the essential qualitative aspects of NE wrinkling can be understood 
within the framework of nonlinear elastic thin-shell mechanics. As NEs 
have an FvK number similar to both graphene and paper1, we expect 
our theoretical observations to be relevant for these and other simi-
lar systems, where fluctuations push the membranes and shells into 
larger-deformation regimes. With the power-law exponent set by the 
elastic behaviour of the shell, the amplitude of wrinkles is controlled 
by the effective pressure, which we have manipulated here through 
osmotic shocks and microtubule inhibition. Our findings, therefore, 
raise the question of whether cellular control over pressure could be a 
generic biophysical mechanism for avoiding undesirable consequences 
of NE wrinkling4,17,19.
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Methods
Supplementary Information provides detailed descriptions of the 
experimental methods, image processing, simulations and theory.

Experiments
A list of fly lines used for this study can be found in Supplementary 
Table 1. In short, ovaries were removed from well-fed flies and cul-
tured ex vivo68 for 1–4 h. Images were acquired using laser scanning 
confocal microscopy with a ×40/1.2-numerical-aperture water or 
×63/1.4-numerical-aperture oil objective. For immunofluorescence, 
ovaries were fixed in 4% (w/v) paraformaldehyde and stained with 
Alexa Fluor 568 Phalloidin, Hoechst and antibodies against lamin C or 
trimethylated histone H3K9. Perturbations were performed by adding 
NaCl-spiked culture medium, water or small-molecule inhibitors to 
the culture medium under the following final conditions: 1.5× original 
osmolarity (hypertonic shock), 0.5× osmolarity (hypotonic shock), 
9 mg ml–1 colchicine or 10 μg ml–1 cytochalasin D.

Image processing
NEs were segmented and their coordinates were extracted using Fiji 
and the MorphoLibJ plug-in69,70. Custom-built MATLAB (R2022a) code71 
was used to perform the least-squares fits to determine the spherical 
harmonic coefficients up to the cutoff mode number lmax = 25, which 
corresponds to an angular scale of roughly 7°, as well as to measure the 
LamC:Nup107 ratio over the developmental time.

Simulations
We use the pseudo-spectral solver Dedalus 3 (ref. 72) to solve the Langevin 
equation derived from the non-Euclidean elastic free energy (equation (3)) 
accounting for hydrodynamic interactions with a viscous environment15,73 
(Supplementary Information provides the details and validations). Due 
to the stiffness of the equations governing the dynamics of plates and 
shells, the simulations of such thin surfaces is numerically expensive. We 
simulate the partial differential equations on a 512 × 256 Driscoll–Healy 
spherical coordinate grid, for 3 × 105 timesteps using the MIT Supercloud 
cluster74. Each simulation is run on 32 cores for a total of ~360 h of CPU 
time per simulation. Additional processing to study the simulation results 
used the pyshtools library75. The fact that the power spectrum Pl does not 
qualitatively change when the nuclear radius R increases suggests that 
the preferred curvature radius Rc is rather large. In simulations, we, thus, 
set the preferred curvature radius to Rc = 20R (Supplementary Section 
IV-4). Consistent with experiments (Fig. 2c), the appearance of a plateau 
region in the power spectrum Pl at small angular numbers is suppressed 
for this choice of Rc (Supplementary Section IV-2.1 and Supplementary 
Fig. 8). Indeed, the typical length scale above which finite-curvature 
effects become visible is Lel = Rγ−1/4√Rc/R, which is approximately equal 
to R/2 for FvK number γ = 104 and Rc = 20R. Supplementary Section IV-4 
provides further details on parameter selections.

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

Data availability
All data supporting the findings of this work are available within 
the paper and its Supplementary Information. Higher-resolution 
images, point cloud data, spherical harmonic processing codes 
and spreadsheets containing the experimental data points shown 
in the plots are available via Figshare at https://doi.org/10.6084/
m9.figshare.23800287. Due to file-size limitations, the raw micros-
copy data are available from the corresponding authors upon request.

Code availability
The code used for numerical simulations is publicly available via GitHub 
at https://github.com/NicoRomeo/d3shell.
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