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 25 
 26 
Abstract 27 
 28 
Structural heterogeneity is a hallmark of living cells and nuclei that drives local mechanical 29 
properties and dynamic cellular responses, including adhesion, gene expression, and 30 
differentiation. However, robust quantification of intracellular or intranuclear mechanics are 31 
lacking from conventional methods. Here, we describe new development of deformation 32 
microscopy that leverages conventional imaging and an automated hyperelastic warping 33 
algorithm to investigate strain history, deformation dynamics, and changes in structural 34 
heterogeneity within the interior of cells and nuclei. Using deformation microscopy, we found 35 
that tensile loading modes dominated intranuclear architectural dynamics in cardiomyocytes in 36 
vitro or myocytes in vivo, which was compromised by disruption of LINC complex molecule 37 
nesprin-3 or Lamin A/C, respectively. We also found that cells cultured on stiff substrates or in 38 
hyperosmotic conditions displayed abnormal strain burden and asymmetries compared to controls 39 
at interchromatin regions where active translation was expected. Deformation microscopy 40 
represents a foundational approach toward intracellular elastography, with potential utility to 41 
provide new mechanistic and quantitative insights in diverse mechanobiological applications. 42 
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MAIN TEXT 51 
 52 
Introduction 53 
 54 
Mechanobiology is an emerging field that describes how mechanical forces modulate the 55 
morphological and structural fitness of tissues, with applications in development, homeostasis, 56 
disease, and engineering of biological systems (1). Critical biophysical parameters in 57 
mechanobiology, microscale deformations, arise from mechanical loadings that impact the 58 
structural heterogeneity characteristic of the intracellular and intranuclear architecture. The 59 
deformation at multiple (e.g., extracellular, cell, nucleus) levels can trigger unique biochemical 60 
pathways and mechanotransduction cascades, and regulate diverse processes including adhesion 61 
and differentiation (2). 62 
 63 
In recent years, specific studies and interest have focused on nuclear mechanobiology (3–5). The 64 
cell nucleus is known to contain, maintain, and interpret the genomic information that forms the 65 
basis for the characteristics of every individual. This information, encoded in the form of DNA, is 66 
highly organized within the nucleus to enable fast and accurate responses to cell stimuli. While 67 
maintaining spatial organization, the nucleus is also subject to significant deformation through 68 
direct physical connections to the cytoskeleton, via LINC (linker of nucleo- and cytoskeleton) 69 
complexes (6, 7), and consequentially to the extracellular environment, especially in mechanically 70 
challenged tissues such as heart, skeletal muscle, and cartilage. Through these interconnections, 71 
mechanical cues at the tissue level can be transmitted to and actively processed within the nucleus 72 
to influence, e.g., gene expression via activation of transcription factors (8), cell differentiation 73 
(9), cancer cell migration through constricted spaces (4), nucleoskeleton rearrangement (3, 10), 74 
and reorganization of the chromatin architecture (11, 12). The mechanics of the nucleus is also 75 
intertwined with biological functions, including transport through the nuclear membrane (13), 76 
nuclear rheology (14) and nuclear stiffness (15). Despite growing interest in nuclear 77 
mechanobiology, conventional methods to quantify deformation and mechanics do not highlight 78 
spatial mapping which could otherwise help elucidate regulation patterns of gene expression with 79 
respect to genomic organization and activation. 80 
 81 
Numerous important methods have been described to measure cell mechanics, each with their 82 
own strengths and limitations (16). For the nucleus, the most commonly used techniques are 83 
based on the quantification of simple morphological changes such as aspect ratio, volume, or a 84 
characteristic dimension (17, 18). This type of analysis only considers geometric changes of the 85 
nuclear periphery and does not provide any intranuclear spatial information. Edge detection, 86 
fluorescence anisotropy (19), and texture correlation (18, 20) techniques provide only low 87 
resolution, spatial information and are typically limited to two dimensions. Moreover, they are 88 
overly sensitive to noise, and often require sharp spatial features that are typically not well 89 
defined in image data. In contrast, deformable image registration offers a more rigorous approach 90 
as it can quantify intranuclear deformation at high spatial resolution as demonstrated in intact 91 
tissue systems (20). Here, local differences in image intensities are used to match a discretized 92 
template image with a (deformed) target image to obtain deformation maps required for complete 93 
registration (21). Over the course of the analysis, a penalty factor (21) is used to enforce the 94 
registration. Additionally, regularization can be achieved using a hyperelastic material model. If 95 
known, the associated material properties can be assigned to improve the strain estimates in 96 
regions where image intensity differences may be lacking. Spatial averaging in the form of 97 
normal or Gaussian blurring are used in the image analysis to avoid local minima which would 98 
stop the global image registration prematurely resulting in false, unreliable deformation data (22). 99 
Consequently, defining a suitable method to map deformation, or a correct set of parameters to 100 
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obtain an optimal deformation map in a manageable time frame, is challenging and largely 101 
lacking. 102 
 103 
We introduce a technique, deformation microscopy, which utilizes an automated sweep over a 104 
wide range of registration parameters, to quantify precise, high-resolution, and reliable spatial 105 
patterns of intracellular displacements and strain. We demonstrated and validated the efficacy of 106 
the technique across several biological scales, including examples of extracellular matrix, cell, 107 
and nucleus deformation in vitro and in vivo. Next, we focused on applying the technique to 108 
understand the spatiotemporal mechanics of nucleus in several normal and pathological 109 
conditions. We altered the integrity of nuclear envelope by modulating the KASH domain, 110 
nesprin-3, and Lamin A/C to understand their structural role in nuclear mechanics both in vitro 111 
(cultured cells) and in vivo (living mice). Further, we revealed the compromised nuclear 112 
mechanics in cardiomyocytes cultured in fibrotic, pathological conditions. We additional showed 113 
how new deformation microscopy can be combined with independent measures like traction force 114 
microscopy, to reveal new biological insight into cellular stain burden and asymmetry during 115 
hyperosmotic loading. 116 
 117 
 118 
Results  119 
 120 
Deformation microscopy is a versatile tool to quantify intracellular and intranuclear 121 
biomechanics 122 
 123 

Deformation microscopy is based on the minimization of an energy functional , a 124 

function of space and deformation map  which is the difference between the deformation 125 

induced energy  and the image comparison based energy (Fig. 1a and Supplementary note 126 
1). In a basic implementation, z-projections of template (undeformed) and target (deformed) 127 
images are used to quantify local deformations (Fig. 1a, Supplementary Fig. 1). Images are 128 
meshed and the hyperelastic warping algorithm is applied to find the deformation map. A 129 
sequential spatial filter is applied to overcome the local image registration-driven premature 130 
registration (Supplementary note 2.2). The deformation map can be used to generate various 131 
strain measures in the object of interest as suitable for the specific application, here demonstrated 132 
using cell nucleus as an example (Supplementary note 3). The material stiffness of the nucleus 133 

and the penalty factor  are the two key parameters that are changed to find the best 134 
deformation map through optimization of root mean square error (RMSE) of image pixel intensity 135 
derived from template and target images (Supplementary note 2.1 and 2.3, Supplementary Fig. 2). 136 
A custom-built code automated the process to measure intranuclear deformation by using widely-137 
available computational resources. One set of calculations averaged 5-30 minutes, depending on 138 
the complexity of the specific application. We quantified the deformation maps of a single beating 139 
cardiomyocyte in vitro (Fig. 1b) and in skeletal muscle tissue in vivo using image information 140 
before and after contraction, respectively, to demonstrate the utilization of the deformation 141 
microscopy algorithm across different scales and applications (Fig. 1c). The accuracy and 142 
reliability of the technique was validated for all image types but here, we demonstrated the 143 
validation specifically for the nucleus over a wide range of possible material stiffness assigned to 144 
heterochromatin and euchromatin spaces (Fig. 1d) by thresholding the image with a decided cut-145 
off intensity value. The forward (known) deformation model applied a uniform normal force on 146 
the nuclear periphery to simulate a deformation map. As shown (Fig. 1e), deformation 147 
microscopy was capable of reliable strain and chromatin organization quantification over an order 148 
of magnitude range of material property values. Euchromatin (E) is thought to have lower 149 
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stiffness than heterochromatin (H), and hence the comparatively less accurate registration was 150 
observed for a low material property ratio (i.e. H:E = 1:10) case where some elements near the 151 
nuclear periphery had overestimated strain values. This was further quantitatively validated by 152 
comparing known deformation with computed deformation (Fig. 1f), where Nucleus B (H:E = 153 
10:1) yielded the most accurate measurement followed by Nucleus C (H:E = 2:1). While this 154 
technique provided detailed intranuclear deformation maps, bulk mechanical measurements alone 155 
result in unreliable strain quantification (Supplementary Fig. 3.a). Further, the deformation in 156 
intranuclear space was found be related to the local chromatin density, and hence to the image 157 
intensity (Supplementary Fig. 3.b-d). The sensitivity of the deformation measurement with regard 158 
to the key parameters material stiffness and penalty factor was also analyzed (Supplementary Fig. 159 
4), and we found that, based on the specific application, an optimal combination of those two 160 
parameters lead to the best registration results. From the high-resolution principal strain vector 161 
map (Fig. 1.a), it was evident that this method used the small image features for the strain 162 
measurements and was limited only by the image quality obtained by the available imaging 163 
modality (e.g. microscopy). 164 
 165 
Role of intranuclear-specific tensile loading modes, and LINC complex KASH domain 166 
proteins and nesprin-3, is revealed during cardiomyocyte beating in vitro 167 
 168 
We showed that the LINC complex proteins at the nuclear periphery played a crucial role in the 169 
strain transfer from cell to nuclear space, and in regulating key tensile loading in active force-170 
generating cells. We conducted intranuclear strain measurements in the context of cyclic loading 171 
of cardiomyocyte (CM) nuclei during cardiac contractions (Fig. 2). The CMs were derived from 172 
embryonic mice (E16.5) that harbored an eGFP-tag on the H2b histone (H2b-eGFP) (see online 173 
Methods for details). Embryo-derived CMs have the advantage of developing spontaneous 174 
beating behavior within 1 day of seeding and culture. 175 
 176 
We were interested to understand how intranuclear strain would change after disrupting elements 177 
associated with the nuclear membrane. LINC (Linker of Nucleoskeleton and Cytoskeleton) 178 
complexes are broadly known to play a critical role in strain transfer from the cell periphery into 179 
the nucleus as they connect the cytoskeleton to the nucleoskeleton. LINC complexes are 180 
comprised of SUN and nesprin proteins: SUNs bind the nuclear lamina inside the nucleus, stretch 181 
through the inner nuclear membrane and connect to nesprins in the perinuclear space via highly 182 
conserved KASH domains (7). Nesprins in turn span through the outer nuclear membrane and 183 
connect to different parts of the cytoskeleton. In CMs, intermediary filaments are mainly 184 
represented by desmin which encases all sarcomeres in a honeycomb like fashion and laterally 185 
integrates with costameres (23). Nesprin-3 was specifically targeted here as it connects to 186 
intermediary filaments. 187 
 188 
We hypothesized that disrupting one or multiple LINC complexes should significantly alter 189 
intranuclear strain intensities in the previously introduced CMs model. For that, CMs were 190 
transduced with lentiviral particles harboring a dominant negative sR3-Kash3 construct (Fig. 2a, 191 
b), which disrupts the connection between the nesprin-3 and intermediate filaments. A control 192 
construct sR3-TmCtr was designed which was identical to sR3-Kash3 but lacked the KASH 193 
domain and hence was not be able to compete with nesprin-3 for SUN connections. Additionally, 194 
we designed the lentiviral vector shSyne3 which carried an shRNA expression cassette that 195 
specifically targeted nesprin-3 and a blue fluorescent protein (BFP) to identify transduced cells 196 
(Fig. 2 a, b; Supplementary Fig. 5). Transduction of CMs with sR3-Kash3 showed that it formed a 197 
distinct ring around the nuclear border as it replaced nesprins. In contrast, sR3-TmCtr formed 198 
only a faint ring around the nucleus and was otherwise distributed throughout the cell as it most 199 
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likely diffused along the ER continuum away from the nucleus. Since KASH is highly preserved 200 
between species and isoforms, this dominant negative construct led to an unspecific disruption of 201 
all LINC complexes. Immunostaining further confirmed the absence of nesprins 1 and 2 around 202 
the nuclear border in sR3-Kash3 transduced, but not sR3-TmCtr transduced CMs (Supplementary 203 
Fig. 5). 204 
 205 
To provide a comprehensive analysis using deformation microscopy, we generated and compared 206 
hydrostatic, shear and deviatoric strain maps for all experiments. Average of absolute strain was 207 
computed for all three strain types: (avg(abs(εhyd))), (avg(abs(εdev))), (avg(abs(εshear))). For the 208 
hydrostatic strain, further classification was performed only with the tensile and compressive 209 
components: (avg(abs(εhyd, tensile))), (avg(abs(εhyd, compr))). Tensile strains were compromised with 210 
LINC complex disruption. Intranuclear strain fields were reduced across all strain types in sR3-211 
Kash3 and to a lesser extend in shSyne3 transduced CMs compared to non-transduced CMs. In 212 
contrast, sR3-TmCtr transduced cells showed similar strain intensities compared to non-213 
transduced CMs. 214 
 215 
Lamin A/C maintains tissue-to-nucleus strain transfer in skeletal muscle activation in vivo 216 
 217 
Next, we showed that the lack of lamin A/C, a structural protein in the nucleus, leads to altered 218 
tissue-to-nucleus strain transfer in vivo in a murine model (Fig. 2). Lamin A/C, along with lamin 219 
B1/B2 creates a meshwork under the nuclear membrane. In vivo muscle active stimulation lead to 220 
a complex loading mode on individual nuclei (Fig. 2e-f). Lamin A/C is thought to provide a 221 
structural scaffold to the cell nucleus, with the SUN proteins and the chromatin are connected to 222 
the lamin A/C associated proteins in a complex manner, still to be understood. In vitro, strain 223 
transfer experiments suggest a higher strain transfer to lamin A/C deficient nuclei, and thus a 224 
lower stiffness of nuclei (15). On the contrary, AFM studies on single cell nuclei suggested a 225 
stiffer nucleus in lamin A/C deficient cells (24). Therefore, the mechanical role of lamin A/C in 226 
the nucleus, especially in vivo is far from settled. We found that for the same tissue deformation, 227 
all the measures of nuclear strain decrease with lack of lamin A/C. Lamin A/C deficient (Lmna-/-) 228 
nuclei show significantly lower strain than the Lmna+/+ and Lmna+/- counterparts. For all strain 229 
measures, the average absolute strain dropped by 40-50% in Lmna-/- with respect to Lmna+/+. 230 
When the tensile and compressive hydrostatic strain was separated and compared among the 231 
groups, they did not show much preferential difference, because of a complex loading mode on 232 
the nuclei in vivo. Interestingly, the Lmna+/+ and Lmna+/- groups did not show any significant 233 
difference in nuclear strain. This finding supports the observation that Lmna+/+ and Lmna+/- mice 234 
do not exhibit any significant difference in development, phenotype, and viability. 235 
 236 
Fibrotic cardiomyocytes display abnormal strain burden at interchromatin regions 237 
 238 
Using a normal and pathological model of cardiomyocyte we showed that the strain burden taken 239 
by distinct interchromatin regions is compromised in fibrotic nucleus (Fig. 3). It is known that 240 
CMs modulate their beating behavior based on the stiffness of their environment with optimal 241 
beating properties being observed on substrates that resemble the healthy native heart stiffness 242 
(10-20 kPa) whereas contractile forces decline on stiffer substrates that mimic pathologically 243 
altered tissues, e.g. due to fibrosis or after a myocardial infarction (25). This decline in beating 244 
activity is argued to be a direct result from altered nuclear mechanosensation triggered by the 245 
increased substrate stiffness (25), however, no investigation of cardiac intranuclear strains and 246 
their change with altered mechanical environment as seen in disease has been conducted so far. 247 
We generated intranuclear strain maps of H2b-eGFP CMs that were plated on silicon substrates 248 
with either soft (~15 kPa) or stiff (~400 kPa) elastic properties to mimic native and pathological 249 
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environments. The histone tag allowed for a contrast-rich live-imaging of the nucleus during CM 250 
contraction. As H2b is present in all nucleosome complexes, it can be used as a direct marker for 251 
local chromatin compaction. Four days after plating, image series with ~6.4 fps were acquired 252 
over a period of 10s during which photobleaching was negligible. For each nucleus, one 253 
contraction cycle was picked in which to perform in-depth intranuclear strain analysis. Image 254 
frames in the post-diastolic resting states were selected as undeformed reference images 255 
(template) and t1-t4 represent the deformed states during the contraction cycle. In CMs cultured on 256 
a stiff substrate, CM contraction cycles were shortened as expected, hence image series typically 257 
resulted in only three deformed images during one contraction cycle, as compared to four in the 258 
soft case. 259 
 260 
Nuclear hydrostatic strain maps derived from a CM nucleus plated on soft substrate displayed 261 
high tensile and compressive regions during systolic peak contraction (t2 for soft, t1 for stiff), most 262 
likely due to combined tensile forces exerted from the cytoskeleton and overall compressive 263 
forces due to cell shortening (Fig. 3a-c, supplementary video 2). The overall strain burden then 264 
gradually decreased during diastolic relaxation. For the nuclei plated on the stiff substrate, strains 265 
followed a similar trend, however, with amplitudes that were almost one order of magnitude 266 
lower compared to the soft substrates due to the previously mentioned stiffness-induced decline of 267 
CM contraction forces. With both high tensile and compressive strains, this model was well suited 268 
to demonstrate that bulk strain analysis methods highly underestimate actual strain values because 269 
they allow local intranuclear strains to cancel each other out by only considering deformation at 270 
the nuclear boundary. To support this idea, we compared averaged absolute hydrostatic strains 271 
generated from our deformation microscopy analysis (avg(abs(εhyd))) with bulk strains calculated 272 
from the average change in minor and major axis (abs(εbulk)) utilized by previous researchers(8) 273 
(Supplementary Fig. 6). To further show that the underestimations in bulk strain are a result of 274 
neglecting intranuclear strains, we calculated another value were hydrostatic strains were first 275 
averaged and then made absolute (abs(avg(εhyd))) to allow for the same effect. As expected, 276 
averaged absolute local strains were twice as high compared to bulk strains for both soft and stiff 277 
(soft: 0.111 vs 0.046 and stiff: 0.032 vs 0.018) while hydrostatic strains that where first averaged 278 
then made absolute showed almost identical values. It is important to mention that these local 279 
extrema can be up to 10× higher compared to averaged hydrostatic strains or 20× higher 280 
compared to bulk strain estimated, respectively. 281 
 282 
Besides providing more reliable average strain data, spatial strain maps can provide new detail 283 
and insight into nuclear mechanics through combined analysis with other spatial information. 284 
Here, we utilized the fluorescence intensity of the H2b histone tags, to perform a differential 285 
analysis of strain types along the chromatin compaction continuum. Since fluorescence intensity 286 
values are arbitrary, we generated chromatin intensity histograms that result in a bell curve with a 287 
prominent peak that can be fitted onto a 3-term Gaussian distribution. Chromatin intensity values 288 
of the histograms were then rescaled to [-1 +1] with -1 being the lowest density, +1 the highest 289 
density, and the histogram peak set to 0 to compare strain data from different nuclei. As shown in 290 
Fig. 3b, chromatin intensity correlated strain data for one set of CM nuclei plated on either soft or 291 
stiff substrates over time. We observed that different strains varied in prominence along different 292 
chromatin compaction states during a contraction cycle. For example, changes in hydrostatic 293 
strains were more significant in lower density regions, but became less significant towards the 294 
mid-density regions around the histogram peak and stayed low in high-density areas. In contrast, 295 
most prominent shear and deviatoric strains changes coincided more with low- and mid-density 296 
chromatin, and were low again for high-density areas. These contrasting strain trends with 297 
hydrostatic strains being low, and shear and deviatoric being high, around mid-density chromatin 298 
areas was further confirmed in the analysis of n=5 CM nuclei for each substrate (Fig. 3c and 299 
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Supplementary Fig. 6). While a similar trend was observed for CMs plated on stiff substrates 300 
(with lower amplitudes) closer segmentation analysis revealed significant differences between 301 
density bins. To allow direct comparison of different chromatin density regions, chromatin 302 
intensity histograms were binned into 5 areas with normalized intensity intervals between [0; 0.6] 303 
for low-density, [0.6; 0.95] for medium low-density, [0.95; 0.95] for mid-density, [0.95; 0.5] for 304 
medium high-density, and [0.5; 0] for high-density chromatin (Fig. 3d). Intervals where chosen to 305 
provide roughly equal numbers of data points for each density region. Binned chromatin intensity 306 
maps of both nuclei showed a distinct pattern of low-density chromatin accumulating at the 307 
nuclear border and dense chromatin cores distributed throughout the inner nuclear area with 308 
medium-low and medium-high density chromatin suspended in between. Analysis of the 309 
difference in strain between nuclei of CMs plated on soft versus stiff substrates for each density 310 
segment revealed most significant discrepancies for hydrostatic strains in mid density areas 311 
showing in average 5.2% lower strain for stiff compared to soft in mid-density areas while being 312 
double as low with an 11.0% decrease in high density areas. Less distinct discrepancies between 313 
density bins could be observed for shear and deviatoric strain values; however, stiff nuclei 314 
experienced significantly less strain in higher density bins compared to lower density bins. 315 
 316 
Organized stress fiber-rich primary apex creates strain asymmetry in cells during 317 
hyperosmotic loading 318 
 319 
Finally, we showed that the primary apex generated an assymetric strain distribution in the nuclei 320 
of fibrotic cells, using chondrocytes as a model system for hyperosmotic loading (Fig. 4). We also 321 
demonstrated how the combination of two independent measurements in the intranuclear space 322 
(deformation microscopy) and extracellular space (traction force microscopy) can reveal novel 323 
mechanistic insight of passage 4 (P4) chondrocytes during hyperosmotic conditions (Fig. 4, 324 
Supplementary Fig. 7). Cartilage goes through cycles of hyperosmotic and hypoosmotic shock 325 
due to its poroelastic nature, and changes in osmotic pressure leads to intracellular water transport 326 
cell and nuclear deformation, and altered gene expression (26). To analyze spatially-dependent 327 
nuclear strain maps in this process, we imaged the progressive deformation of P4 chondrocyte 328 
nuclei for 12 min after hyperosmotic loading. We observed increasingly compressive nuclear 329 
strains with temporal progressions of hyperosmotic loading as determined by bulk mechanical 330 
strain analysis (Supplementary Fig. 7) due to the extrusion of water as mentioned above. To 331 
combine spatial strain distributions inside the nucleus with forces exerted on the cells substrate, 332 
chondrocytes were cultured on fluorescent bead-embedded PDMS. After 12 min of osmotic 333 
loading, cells were released from the substrate via trypsin to capture the undeformed state of the 334 
silicon substrate (Fig. 4a, Supplementary video 1). Traction force microscopy (27) was then used 335 
to calculate substrate traction force from bead displacements during hyperosmotic loading using 336 
the post-trypsin state as reference. Substrate traction forces declined, most likely due to cell 337 
shrinkage, as decreased cell area was previously correlated to loss of traction (28). In our studies, 338 
higher magnitudes of traction forces was observed near the three distinct cell apexes. Substrate 339 
stress relaxation maps could then be calculated from the difference in traction force using the pre-340 
osmotic loading condition (0 min) as reference (Fig. 4b). Nuclear strains (Fig. 4c) revealed that 341 
shape change-related deviatoric strains were unrelated (R² = 0.12) with substrate stress relaxation 342 
while shear (R² = 0.97) and hydrostatic strain (R² = 0.99) related at different time points. Note, 343 
however, that hydrostatic strain was three times greater in magnitude than the shear strain (Fig. 344 
4d). This trend was verified by comparing strains at the loading end point (11 min) of three 345 
different cells. 346 
 347 
Next, to demonstrate the benefits of computing spatial strain maps, we investigated whether a 348 
spatial relationship existed between substrate stress relaxation and intranuclear hydrostatic strains. 349 
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For this purpose, we generated a radial stress relaxation map with values indicating the stress 350 
towards the nuclear center (Fig. 4e). The radial stress relaxation at the cell border was then plotted 351 
together with the hydrostatic strain at the nuclear border (10% of outer nuclear area) against the 352 
radial position in perspective to the nuclear center. Unsurprisingly, substrate stress relaxation 353 
revealed three prominent peaks that coincided with the radial position of each cell apex, 354 
respectively. However, hydrostatic strain at the nuclear border showed a different trend with a 355 
prominent peak (lower compression) at the radial position of apex 2 but higher compression at 356 
apex 1 and 3 (Fig. 4). Additionally, a peak was observed between apex 1 and 2, and more 357 
distinctly, between 1 and 3 at the opposing radial position of apex 2. Z-stack confocal imaging of 358 
an actin stained P4 chondrocytes with a similar cell geometry showed that the most prominent 359 
apex in a cell, like apex 2, is distinct from the others as it serves as focal point for dorsal stress 360 
fibers that stretch over the nucleus and connect to ventral stress fibers on the opposite side, as in 361 
apex 1 and 3 (Fig. 4f). 362 
 363 
 364 
Discussion  365 
 366 
Deformation microscopy enables detailed, spatially-dependent investigations of the cell and 367 
nucleus interior in a broad range of physiological and disease applications. Development of 368 
deformation microscopy leverages conventional imaging and an automated hyperelastic warping 369 
algorithm to investigate strain history, deformation dynamics, and changes in structural 370 
heterogeneity within the interior of cells and nuclei. Deformation microscopy represents a 371 
foundational approach toward intracellular elastography, and can potentially provide quantitative 372 
insights in diverse mechanobiological applications. The technique can be applied to data from any 373 
image modality, and only requires sufficient ‘texture’ in images representing critical subcellular 374 
structures, e.g. actin stress fiber or chromatin architecture within cells. Reliable spatial 375 
registration map generation is only limited by imaging quality. 376 
 377 
Deformation microscopy is automated and valid for both 2D and 3D imaging modalities (20). 378 
Accordingly, the derived parameters (in this case, strain) can be quantified in 2D as well as in 3D. 379 
The automated, unbiased optimization capability in the present technique adds much repeatability 380 
and makes the technique user-independent. Therefore, the present technique is a significant 381 
advancement over our previous work (20), which required an experienced user to provide 382 
judgment to set optimization parameters that would maximize accuracy of the results. In the 383 
present study, we also intentionally utilized only cell models grown in 2D environments in the 384 
assumption that strains in z-direction will be negligible for such cases. However, extension to 3D 385 
is easily possible at a cost of increased computational demand. 386 
 387 
Our model assumes a hyperelastic material model. Hyperelasticity encompasses a large class of 388 
material models, including complex and nonlinear elasticity, and enables description of 389 
intracellular deformation for most applications. For the nucleus, very high strain occurs in a few 390 
scenarios such as migration of cancer cells through constrictions (4), which then recover after 391 
passing through the constriction, thus still showing hyperelastic and not plastic or permanent 392 
deformation behavior. For most applications of nuclear mechanics, the deformation is relatively 393 
low or recovers quickly over time. Viscoelastic or time-dependent behavior of the nucleus has 394 
also been investigated in isolated cells and nuclei. It was found from two independent studies that 395 
the nucleus does show a viscoelastic behavior at the verge of a suddenly applied deformation (3, 396 
29). After a short stabilization period, the nucleus behaves as an elastic solid. Those studies 397 
induced sudden deformation on nuclei using micropipette aspiration or bead displacement. In 398 
vivo, sudden deformation on nuclei rarely happens and thus, an elastic material model can be 399 
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appropriate. Importantly, because biological materials often also display time-dependent 400 
viscoelastic behavior, and plastic behavior at very large deformation, mechanical characterization 401 
of these materials is still possible via deformation microscopy through the acquisition of time 402 
course data. 403 
 404 
Our technique provides mechanistic insight into the nuclear mechanics by LINC disruption and 405 
LMNA knockout study. Though interrupting the of KASH domain can alter the nuclear 406 
mechanics as expected because of its connectivity to all four nesprin types, the underexpression of 407 
only nesprin-3 leads to drastic consequences in nuclear mechanics. The mechanistic roles of 408 
nesprins in cell biology are still being discovered. Out of the four types of nesprins, nesprins 1 409 
and 2 are mostly investigated in the context of nuclear mechanics and mechanobiology (30). The 410 
loss of nesprins 1 and 2 are known to be responsible for several diseases including Emery-411 
Dreifuss muscular dystrophy and dilated cardiomyopathy. The loss of nesprin-4 is related to 412 
hearing loss. Interestingly, no disease has been reported so far where nesprin-3 is compromised, 413 
thus making it the least investigated. However, the ubiquitously conserved nature of nesprin-3 414 
also shows how important nesprin-3 is to fundamental biological processes. In endothelial cells, 415 
nesprins are known to play an important role in the response to fluid shear stress, with depletion 416 
of nesprin-3 causing altered cell morphology and impaired cell polarization and migration in the 417 
direction of the fluid flow (31). Another work demonstrated that the actomyosin, nesprin-3, and 418 
vimentin cooperatively move the nucleus like a piston during 3D migration (32). Therefore, the 419 
role of nesprin-3 in nuclear mechanics is increasingly important, and we show for the first time 420 
how the lack of nesprin-3 compromises cardiomyocyte contractility. 421 
 422 
The lack of lamin A/C is involved in numerous diseases, collectively known as laminopathies 423 
(30). Our study confirms the abnormal nuclear strain in vivo is similar to in vitro analyses. The 424 
compromise in lamin A/C is known to cause abnormal nuclear mechanics and phenotype (33). 425 
Besides just mechanically softening or stiffening of nucleus, lamin A/C may probably have a role 426 
in chromatin organization, homeostasis and epigenetic regulations, and overall gene expression. 427 
Thus, this study advances the technology to study the role of lamin A/C in vivo, which is more 428 
relevant from the clinical perspective, and directly relates loss of this structural molecule to 429 
intranuclear patterns of deformation. 430 
 431 
We provided the first differential nuclear strain analysis for CMs in different mechanical 432 
environments to find support for the hypothesis that nuclear mechanosensation is linked to the 433 
well described beating decline of CMs on stiffer substrates. It has been shown that locally applied 434 
strains, particularly shear and hydrostatic strain, are sufficient to alter the expression of genes 435 
without any other influence (5). It is further known that the activity of a gene is related to its 436 
compaction state, which is orchestrated by epigenetic modifications (34). For example, 437 
methylations of different histone residues can inactivate genes that were important during 438 
development but are locked away in the adult stage. Cardiac performance decline in conditions 439 
such as hypertrophy, ischemia, hypoxia and atrophy have long been related to the reactivation of 440 
fetal gene networks (35). If we further consider that high density chromatin areas are mainly 441 
comprised of silenced heterochromatin, as dense compaction is one of the hallmarks of 442 
heterochromatin, we can postulate that the elevated differences in strain burden of high density 443 
areas, as observed in this study, could have a profound impact on epigenetic controls by 444 
disturbing the balance of silenced developmental genes and active genes subsequently leading to 445 
beating abrogation. These results form a strong basis to further investigate the effects of altered 446 
nuclear mechanics on chromatin organization (and subsequent overall control of the genome) not 447 
only in heart disease, but many other conditions that are marked by dramatic changes in 448 
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mechanical properties of the respective tissues (e.g. diverse fibrotic conditions in the brain or 449 
liver, osteoarthritis in joint tissues, cancer). 450 
 451 
Deformation microscopy, in combination with other established microscale measurement 452 
techniques, can provide interesting mechanical insights unavailable from the use of either 453 
technique alone. In our studies, we postulated a model where dorsal actin fibers keep the nucleus 454 
tensed along the primary apex axes while allowing for higher compression at the sides. Based on 455 
these experimental observations we proposed a simple model (Fig. 2g) in which dorsal actin 456 
fibers, as in apex 2, keep the nucleus stretched along the fiber direction (through LINC complex 457 
connections) while the collapse of the ventral actin fiber network cannot provide structural 458 
support for the nucleus in the radial direction of apex 1 and 3. Collapsed ventral actin fibers along 459 
the secondary apexes might even contribute to the higher compression observed at their radial 460 
positions. Of course, this model neglects other cytoskeleton and other physical components that 461 
might have an influence on nuclear strains during the collapse. However, it is important to note 462 
that chondrocytes in their native 3D cartilage environment have a sphere-shaped constellation 463 
including a spherical actin cytoskeleton that encloses the nucleus. Thus, our model already 464 
provides a meaningful explanation for how a spherical actin skeleton prevents local nuclear 465 
disturbances during osmotic challenges (e.g. during walking) as observed in the 2D cultures, 466 
thereby highlighting the importance of this native 3D spherical confirmation and the need to study 467 
chondrocyte mechanosensation in their native environment. 468 
 469 
As another application, we conducted intranuclear strain measurements during the spreading of 470 
passage 4 chondrocytes (Supplementary note 4, Supplementary Fig. 8). With ongoing cell 471 
spreading, an increasingly compressive trend was observed for hydrostatic strain patterns, while 472 
shear and deviatoric strains remained mostly unchanged. This was anticipated as cell dehydration 473 
can be assumed to be equi-biaxial, and hence changes in volume (as represented by hydrostatic 474 
strain) should be dominant. 475 
 476 
In conclusion, deformation microscopy provides a powerful tool to evaluate intracellular and 477 
intranuclear patterns of displacement and strain that relate to distributions of mechanical force 478 
through distinct subcellular architectures. This method is neither restricted to the nucleus nor in 479 
vitro cultures, but can be utilized over a wide spatial range including cells and tissues in vivo, as 480 
long as image acquisition is sufficient to provide unique features that can be tracked in image 481 
sequences. In combination with other quantitative biology techniques, deformation microscopy 482 
can enable spatial description of mechanical parameters, i.e. elastography, and be applied to a 483 
broad range of mechanobiological applications. 484 
 485 
 486 
Materials and Methods 487 
 488 
Validation of deformation microscopy 489 
 490 
Images of passage four chondrocytes (P4, exhibiting a fibroblast-like phenotype) were captured 491 
by fluorescence confocal microscopy (Nikon A1R) with DNA staining (DRAQ5; Cell Signaling). 492 
Z-projections of confocal nucleus images were used in the analysis to enable simulations in two-493 
dimensions, although extension to three-dimensional analysis is possible (20). More compact 494 
heterochromatin regions were stained brighter compared to euchromatin regions. The 495 
euchromatin and heterochromatin regions were segmented using a custom algorithm based on the 496 
computation of the second derivative of image intensity values. 497 
 498 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 29, 2018. ; https://doi.org/10.1101/403261doi: bioRxiv preprint 

https://doi.org/10.1101/403261


Page 11 of 34 
 

Validation of deformation microscopy was determined using known forward simulations of 499 
deformation under loading. To account for unknown material properties of nuclear subregions, we 500 
assigned different stiffness values to heterochromatin and euchromatin areas defined by 501 
segmentation of confocal images. Four different cases were used, representing maximum and 502 
minimum stiffness expected in the heterochromatin and euchromatin subregions: nucleus A (H:E 503 
= 1:10), nucleus B (H:E = 10:1), nucleus C (H:E = 2:1) and nucleus D (H:E = 1:2). A linear 504 
elastic material model was used for the validation and the warping analysis. The nucleus 505 
deformation was simulated in ANSYS by applying equal tensile normal force on the nuclear 506 
periphery as the boundary condition, so that the magnitude of deformation was similar to that 507 
observed in our studies (20). The difference between known and computed strain measures at 508 
same spatial coordinates were used to validate the deformation microscopy technique with a 509 
difference of 0 representing perfect registration. The coefficient of determination was calculated 510 
between known and quantified strain to further measure the efficacy of hyperelastic warping 511 
microscopy. 512 
 513 
Disruption of LINC complexes in cardiomyocytes in vitro 514 
 515 
Cardiomyocytes were transduced with lentiviral particles harboring a dominant negative sR3-516 
Kash3 construct (Fig 2a). This construct contained the C-terminal end of the nesprin-3 gene 517 
(Syne3) including the transmembrane (Tm) and the KASH domain. The N-terminus was replaced 518 
by a red fluorescence protein (mRuby3) for visual feedback and a signal peptide (SP, from Tor1a) 519 
for proper membrane integration. This truncated nesprin was designed to integrate into the outer 520 
nuclear membrane and bind to SUN proteins via the KASH domain but not to any cytoskeleton 521 
components due to the lacking N-terminal. 522 
 523 
Cardiomyocyte culture. B6.Cg-Tg (HIST1H2BB/EGFP) 1Pa/J mice were obtained from Jackson 524 
Laboratory (Bar Harbor, Maine). Animal procedures were performed following Institutional 525 
Animal Care & Use Committee approved protocols. CMs were isolated from embryonic mice 526 
hearts 16.5 days post conception using cold trypsin digestion (incubation in 0.125% 527 
trypsin/EDTA overnight followed by 10 min digestion in residual trypsin under application of 528 
37°C warm medium) and cultured on PDMS substrates. 529 
 530 
Lentiviral Transduction. Lentiviral particles were produced using Lenti-X Packaging Single Shots 531 
(Takara Bio USA, Inc.). For efficient transduction in CM’s, particles where precipitated with 532 
4mM CaCl2 in Advanced DMEM/F12 (Thermo Fisher Scientific) without serum and antibiotics 533 
for 1h at RT. After 24h of culture, CM’s were incubated in infectious medium for 2h after which 534 
cells were switched to complete CM medium again. After 4 days of transduction, nuclear image 535 
stacks of CM’s with strong marker expression or non-transduced control cells were acquired and 536 
analyzed via deformation microscopy as described before. Target sequences for shRNA 537 
constructs can be obtained from Supplemental Table 1. 538 
 539 
Nesprin Immunostaining. Cells were fixed in 4% PFA for 10min, blocked with 10%NGS, 1% 540 
BSA in 0.1% PBT (0.1% Tween-20 in PBS) for 60min. Primary incubation was performed at 4°C 541 
overnight in 0.1% PBT containing 1% BSA. Primary antibodies: nesprin-1 (Abcam, ab24742, 542 
1:500); nesprin-2 (Santa Cruz, sc-99066, 1:100). Secondary incubation was performed in primary 543 
incubation buffer for 40min RT at a dilution 1:500. Images were acquired on a Nikon A1R 544 
confocal microscope using a 60x oil immersion objective.  545 
 546 
Gene Expression Analysis. Total RNA was extracted from CMs 4 days after transduction using 547 
AurumTM Total RNA Mini Kit, was reverse transcribed into cDNA via iScriptTM Reverse 548 
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Transcription Supermix and real-time quantitative PCR was performed with SsoAdvancedTM 549 
Universal SYBR® Green Supermix in a CFX96 Touch™ thermocycler (all kits and devices from 550 
Bio-Rad Laboratories) using 10 ng of cDNA as input. Primers were custom designed using NCBI 551 
primer blast, cross-confirmed in Ensembl gene database and synthesized by IdtDNA. All primers 552 
span at least one exon-exon junction. Relative expression change was calculated using the ΔΔCt 553 
method. All data was normalized to the reference gene Gapdh. Primer sequences are listed in 554 
Supplemental Table 1. 555 
 556 
Quantification of skeletal muscle nuclear deformation in vivo in Lmna knockout mouse 557 
 558 
All animal experiments were performed under Institutional Animal Care and Use Committee 559 
(IACUC) approved protocols. B6129S1(Cg)-Lmnatm1Stw/BkknJ mice were purchased from 560 
Jackson Laboratory (Bar Harbor, Maine). The targeted allele does not express both full-length 561 
transcripts or stable lamin A/C protein. Mice heterozygotes for this lamin A/C mutation (Lmna+/-) 562 
are viable and fertile. Heterozygotes were bred to obtain the Lmna+/+, Lmna+/-, Lmna-/- mice. 563 
Homozygotes (Lmna-/- mice) exhibit severely retarded postnatal growth beginning as early as 2 564 
weeks of age and abnormal movement/gait by 3-4 weeks of age. These mice are a model for the 565 
autosomal variant of muscular dystrophy and are useful in studying the role of lamin A/C. 566 
 567 
Skeletal muscle of the Lmna-/- mice show compromised nuclear phenotype. We applied a 568 
neuromuscular stimulation in vivo to quantify the nuclear strain in skeletal muscle as described 569 
previously (36). Briefly, anesthetized animals were kept in supine position and their 570 
gastrocnemius was exposed. The nuclei were stained by NucBlue Live ReadyProbes Reagent 571 
(Thermo Fisher Scientific Inc). On the stimulation of the deep fibular nerve, the gastrocnemius 572 
activated and deformed. Nuclei in the medial gastrocnemius were imaged before and after 573 
deformation (activation) using an inverted confocal microscope (Nikon Eclipse Ti A1R) at 40× 574 
magnification, and were quantified further using deformation microscopy. 575 
 576 
Cardiomyocyte (CM) culture and beating experiment 577 
 578 
Substrate fabrication. To mimic the normal and pathological conditions, two different PDMS 579 
formulations (Dow Corning) were used: Sylgard®527 ratio 1:1 (E = 11.7 ± 5.4 kPa) and 580 
Sylgard®184 ratio 1:10 (E = 434.3 ± 54.4 kPa). PDMS Stiffness was determined via AFM using 581 
a spherical borosilicate glass tip (diameter = 10 µm, stiffness = 0.85 N/m), and Young’s modulus 582 
E was calculated using a Hertz contact model. To enable live imaging at high magnification using 583 
a 100× objective, thin (~80 µm) PDMS films were deposited on glass slides. PDMS substrates 584 
were degassed under vacuum for 30 min, cured for 2h at 100°C, and mounted on custom made 585 
cell culture dishes. PDMS was then ozone-treated and coated with Matrigel (Geltrex®, 586 
ThermoFisher) for 1h at 37°C to allow for cell attachment. 587 
 588 
Imaging and Data analysis. After 4 days of CM culture on PDMS, images stacks were captured 589 
using an inverted epi-fluorescence microscope (Nikon Ti-Eclipse) with a 100× objective and an 590 
EMCCD camera (Andor). To visualize the entire contraction cycle of CMs, images were captured 591 
at 6.4 fps over a period of 10 s, during which photobleaching was negligible. For each nucleus, 592 
one contraction cycle was selected from the image stack to perform nuclear deformation analysis. 593 
Images of the nuclei in a post-systolic resting state were selected as undeformed reference image. 594 
Statistical measures over multiple nuclei (n=5) were determined using JMP Pro12 software (SAS 595 
Institute). 596 
 597 
Hyperosmotic loading of chondrocytes, imaging and analysis 598 
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 599 
Chondrocyte culture. Primary bovine chondrocytes were harvested from the load-bearing region 600 
of the medial condyle from young bovines (37, 38). Harvested cells were cultured in DMEM-F12 601 
with 10% FBS and passaged at around 80% confluency. 602 
 603 
Substrate fabrication. Polydimethylsiloxane (PDMS; Sylgard®184; Dow Corning) were mixed 604 
with 0.5 µm red fluorescent beads (ThermoFisher) and sandwiched between a petri dish and a 605 
glass slide. Substrates were degassed for 20 min, cured at 70°C overnight, and coated with 606 
1µg/cm² fibronectin (Life Technologies) for 1 hour. 607 
 608 
Imaging setup. Cells were plated at low density (i.e. maximum of ~5 to 9 cells per 106×106 µm2) 609 
on substrates for 2 hours prior to hyperosmotic loading experiments, and cell nuclei were labeled 610 
with Hoechst 33342 (ThermoFisher). Imaging was performed using a two-photon confocal 611 
microscope (Olympus) with a tunable Mai Tai pulse laser (excitation wavelength 740 nm), and a 612 
60× water immersion objective. The detector wavelength was set to 430-500 nm (green) and 540-613 
600 nm (red) to image cell nuclei and the fluorescent beads, respectively. The green channel also 614 
detected the cell shape through NADH autofluorescence. 615 
 616 
Hyperosmotic loading of chondrocytes. After placing the substrate on confocal microscope, 617 
images of the nucleus and the substrate were captured. The culture media was removed, and prior 618 
to cell dehydration, saline solution was added (dropped gently) on the cell to increase the 619 
osmolality from 320 mOsm to 500 mOsm instantly, thus creating a hyperosmotic shock. 620 
Subsequently, 10 images of the same nucleus and the substrate were captured one minute apart. 621 
Finally, the cell was detached from the substrate using TrypLE Express (Life Technologies) and 622 
another set of images was captured that showed only the beads in the substrate. A control 623 
experiment was conducted using the regular culture medium for the same time span as the 624 
hyperosmotic loading experiment. 625 
 626 
Data analysis for traction force, stretching force on cell, and nuclear strain. The image sequence 627 
of the nuclei obtained from hyperosmotic loading experiment was further analyzed to compute 628 
nuclear strain. From the substrate images, traction force and substrate stress relaxation force on 629 
cell was computed. Briefly, nuclear deformation was computed for each time point with respect to 630 
the first nuclear image (before application of osmotic loading) as the template. Traction forces at 631 
each time point were computed via the ImageJ-based PIV and traction force calculation plugin 632 
(27) with reference to the last image after trypsin-mediated cell detachment. Substrate stress 633 
relaxation maps were computed by subtracting the traction force at the initial time point (0 min) 634 
from traction force maps at each time point (39). Young’s modulus of the PDMS was estimated to 635 
be E = 1.758 MPa, and Poisson’s ratio ν = 0.49 based on existing literature (40). A simple 636 
measure of bulk nuclear strain was obtained by fitting an ellipse to the nucleus and computing the 637 
change in major axis length. 638 
 639 
Statistics 640 
 641 
One-way Analysis of Variance (ANOVA), followed by post hoc Tukey’s test was used to find 642 
any statistically significant difference between the groups. The coefficient of regression (R2) was 643 
calculated using linear regression. 644 
 645 
 646 
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Figures 768 
 769 

 770 
 771 
Figure 1: Strain measurement using deformation microscopy at multiple (tissue/matrix to 772 
subcellular) biological scales and its validation. (a) Illustrated deformation microscopy 773 
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workflow for generating strain maps, specifically elaborated in nucleus. Nuclear z-stacks in 774 
undeformed (template) and deformed (target) state are acquired using confocal microscopy. Z-775 
projections are then generated to carry out the deformation quantification in a computationally 776 
less demanding two dimensional framework. After a mesh for the template nucleus is generated, a 777 
mathematical model uses the iterative hyperelastic warping algorithm to quantify intranuclear 778 
strain by registering the undeformed image to the deformed image. The result is a high resolution 779 
spatial deformation map. Shown here is a deformation surface map and deformation vector 780 
directions. Overlap of deformation value and direction is shown in the zoomed in panel for the red 781 
inset area. (b) Embryonic cardiomyocytes where transduced with lentiviral particles harboring an 782 
α-Actinin-mRuby2 construct under the control of an EF1α-promoter. The labeled sarcomeric 783 
aparatus of a cell was then imaged during spontaneous contractions and the image stack was used 784 
to calculate strain maps via deformation microscopy. Undeformed (green) and overlay 785 
(undeformed: green + deformed: red) cardiomyocyte is shown. Strain map shows the Eyy. (c) 786 
Skeletal muscle was stained with NucBlue live DNA stain and contracted through electro-787 
stimulation in vivo. Stained nuclei were used a visual nodes to demonstrate the feasability of the 788 
technique on the tissue scale. Undeformed (green) and overlay (undeformed: green + deformed: 789 
red) tissue is shown. Strain map shows the hydrostatic strain. (d) Validation of the deformable 790 
image registration technique specifically elaborated in nucleus. The template nucleus was 791 
subjected to uniform outward normal force along the nucleus perimeter. The intranuclear region 792 
was meshed and segmented into a low density euchromatin region (red area) and a high density 793 
heterochromatin area (blue area). Green, yellow, red and blue outlines show the deformed target 794 
nucleus perimeter for different heterochromatin to euchromatin stiffness ratios (H:E). (e) Top row 795 
shows the deformed template images. Hydrostatic strain maps are shown using forward finite 796 
element simulation (second row) or using deformable image registration (third row). The bottom 797 
row shows the difference between forward simulation and deformable image registration. Note 798 
that the difference was near zero throughout the nuclear domain. (f) Quantitative comparison of 799 
hydrostatic strain maps generated by deformable image registration compared to known strains 800 
from forward simulations. The best match is obtained for phyiologically relevant heterochromatin 801 
to euchromatin stiffness ratio of 2:1 (R2 = 0.86). 802 
 803 
 804 
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 805 
 806 
Figure 2: Disruption of LINC complex molecule nesprin-3 in cardiomyocytes in vitro, and 807 
knockout of Lamin A/C in myocytes in vivo, reveals altered strain transfer to the nucleus. (a) 808 
Lentiviral constructs designed to disrupt LINC connections; SP=signal peptide, 809 
Tm=transmembrane domain (b) Primary CMs from H2b-eGFP expressing embryonic mice 4 days 810 
after transduction; NT-Ctr=non-transduction control. (c) Nuclear strain maps from deformation 811 
microscopy analysis for a decoupled (sR3-Kash3) and a control nucleus (sR3-TmCtr); white lines 812 
indicate nuclear boundary at peak contraction. (d) Differential strain analysis of decoupled and 813 
control CM nuclei; n=6; error bars=standard deviation; (* p < 0.05). (e) Overall physiological and 814 
nuclear phenotype of hemi- and homozygote LMNA deficient mice compared to wild type 815 
littermate. (f) In vivo, for same tissue strain (pre-calibrated), nuclear strain in skeletal muscle is 816 
significantly lower in LMNA-/- mice compared to LMNA+/+ and LMNA+/- mice; scale bar=5 µm; 817 
n=9. (* p < 0.05, **p < 0.01). 818 
 819 
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 820 
 821 
Figure 3: Interchromatin regions display altered strain burden in cardiomyocytes under 822 
pathological culture conditions. Comparative assessment of intranuclear strains in 823 
cardiomyocytes (CM) plated on soft (normal) versus stiff (pathological) substrates. Primary CMs 824 
from embryonic mice expressing H2b-eGFP were plated on either soft (~15 kPa) or stiff 825 
(~150 kPa) PDMS substrates and image stacks of nuclear deformation during CM contraction 826 
were recorded. (a) Hydrostatic strain maps were generated via deformation microscopy using 827 
fluorescence image stacks with diastolic resting state as undeformed template. (b) Strain 828 
dynamics along normalized chromatin compaction. Strain maps were spatially correlated with 829 
H2b-chromatin intensity maps and strains of pixels with similar intensity where averaged and 830 
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plotted over this intensity. To allow for comparison, the chromatin intensity peak of each 831 
distribution was set to 0 and both sides were linearly normalized to -1 (lowest value) and +1 832 
(highest value). Different lines present different time steps as seen in (a). (c) Averaged absolute 833 
nuclear strains at peak contraction over chromatin compaction for n=5 cells (each); areas indicate 834 
S.E.M. (d) Left lower panel: Representative segmentation of chromatin intensity histogram into 835 
low (L), mid-low (mL), mid-density (m), mid-high (mH) and high (H) density areas. Mid and 836 
right panel: resulting segmentation map and corresponding nuclear H2b-eGFP intensity map. (e) 837 
Difference in absolute strain of CMs plated on soft or stiff substrates for each density segment. 838 
Error bars present STD; *** p<0.001; ** p<0.01; * p<0.05. 839 
 840 
 841 
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 842 
 843 
Figure 4: Combined quantitative deformation microscopy and traction force microscopy 844 
modalities at intranuclear and extracellular spaces reveal the role of primary cell apices in 845 
creating strain assymetry in the hyperosmotically-challenged chondrocyte nucleus. (a) Cells 846 
(white boundary) and nuclei (green) cultured on PDMS with embedded polystyrene beads (red) 847 
shrink due to hyperosmotic loading. Scale bar: 20 µm. Bead displacement maps (second row) and 848 
traction force maps (third row) over time were quantified using a reference image at 16 min 849 
obtained after cells were released through trypsin-treatment (Trypsin). (b) Substrate stress 850 
relaxation map at 11 min was calculated using the traction force map before hyperosmotic loading 851 
(0 min) as a reference. (c) Spatiotemporal hydrostatic, shear and deviatoric strains in nuclei over 852 
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time are heterogeneous and mostly compressive, with some tensile spots. (d) Upper graph: 853 
Correlation of average nuclear strains with average substrate stress relaxation at different time 854 
point during hyperosmotic loading. Lower graph: Correlation of nuclear strains with average 855 
substrate stress relaxation for 3 different cells at the end-point of hyperosmotic loading (11 min); 856 
areas represent STD. (e) Left side: Radial stress relaxation map has been calculated from (b) by 857 
recalculating magnitude with respect to the nuclear center; nucleus inlay shows the hydrostatic 858 
strain map at 11 min, white outline indicates cell boundary and white numbers represent cell 859 
apexes. Right side: Simultaneous plotting of radial substrate stress relaxation at the cell boundary 860 
and hydrostatic strain at the nuclear border vs. their radial position with respect to the nuclear 861 
center. (f) Z-stack confocal imaging of a stained P4 chondrocyte: Nucleus (DAPI, green) and 862 
actin fibers (phalloidin). Actin staining has been split into two regions depending on the z-863 
location: lower z (ventral, blue) and higher z (ventral, red). White dotted line indicates the 864 
position of the yz-projection on the right. Note that the position of the dorsal stress fibers is above 865 
the nucleus. (g) Model of observed nuclear hydrostatic strain during hyperosmotic loading. Strain 866 
patterns in (e) indicate a difference in the strain pattern along the primary apex 2 vs. secondary 867 
apexes 1 and 3. Apex 2 associated dorsal stress fibers keep the nucleus aligned along the apex-868 
axis resulting into lower compression while the collapse of ventral stress fibers might contribute 869 
to higher nuclear compression at the secondary apex locations. 870 
 871 
 872 
 873 
  874 
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Supplementary Materials 875 
 876 
 877 
Supplementary Note 1: Deformable image registration and hyperelastic warping 878 
 879 

Consider a space variable X , a displacement map ( )u X , and a deformation map ( )Xϕ defined as 880 

 ( ) ( )X X u Xϕ = +   (0.1) 881 

Deformable image registration methods aim to find the deformation map ( )Xϕ  which represents 882 

minimization of the energy functional, ( , )E X ϕ , that represents the difference in the strain 883 

energy within the deforming material, ( , )W X ϕ , and an image based energy term, ( , )U X ϕ , 884 

which is a pointwise comparison of the undeformed (template) image T  and the deformed (target) 885 

image S . This can be mathematically expressed by the following. 886 

 
( ) ( ) ( )( )( , ) , , , ,

o o

E X W X dV U T X S X dV
β β

ϕ ϕ ϕ ϕ= −∫ ∫
  (0.2) 887 

where the first term on right side is the energy function of the deformation map and the second 888 
term is the energy function comprising image comparison. The terms are evaluated at every 889 

differential image location dV , and is integrated over the whole image space oβ . For hyperelastic 890 

warping, the first term W  is the standard energy density function modeled as dependent on the 891 

material constitutive model, material properties, and right Cauchy-Green tensor C , defined as 892 
TC F F= , where F  is the deformation gradient tensor,  893 

 
( )( ) XF X
X

ϕ∂
=

∂  (0.3) 894 

The second term U uses a Gaussian tensor model to describe the image energy density 895 
functional. 896 

 
( ) ( ) ( )( )2,

2
U X T X Sλ

ϕ ϕ= −
 , (0.4) 897 

where T  is the scalar intensity field of the template and hence a function of X only. S  is the 898 

scalar intensity of the target, and hence a function of ϕ . λ  is a penalty parameter that enforces the 899 
alignment of the template with the target. Details of hyperelastic warping can found elsewhere1. 900 
 901 
Supplementary Note 2: Details of deformation microscopy 902 
 903 
2.1 Parameter sweep 904 
 905 
The goal of deformation microscopy is to reach a pixel intensity matching solution based on the 906 
warped template and target images. The iterative hyperelastic warping algorithm is run over a 907 
range of two parameters: the material stiffness (range: 100-10000 Pa, with a minimum step size of 908 
100) and the penalty (range: 1-3.5, with a step size of 0.5). For each set of parameters, the root 909 
mean square error (RMSE) in intensity difference based on warped template and target is 910 
quantified. The RMSE value was minimized over the parameter sweep and thus the best possible 911 
set of parameters was obtained. A custom made MATLB code was written to automate and 912 
connect the software for mesh generation (TrueGrid), deformable image registration (nike3D) and 913 
postprocessing (WarpLab and LSPrePost). By using parallel solver for the different penalty 914 
parameters, the iterative procedure can be performed in tens of minutes for one nucleus. 915 
Supplementary Fig. 1 explains the iterative procedure and Supplementary Fig. 2c shows the 916 
results of a sequential iterative process to reach the final deformation map. 917 
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 918 
2.2 Sequential spatial filtering 919 
 920 
Local minima in the registration process can lead to premature registration for some local image 921 
features thus ending up with inaccurate and incomplete registration. To overcome this, sequential 922 
low pass filtering is used. First, the larger image features, e.g. object boundaries and coarse 923 
texture details, are registered (global registration) followed by registration of finer details (local 924 
registration) by gradually reducing the extent of the spatial filter. The spatial filter is applied by 925 

convolution of the image with a kernel ( )Xκ . For the image field T ,  926 

 
*( ) ( )* ( ) ( ) ( )

B

T X T X X T X X Z dZκ κ= = −∫
  (0.5) 927 

whereZ is the frequency domain variable of X and *( )T X  is the spatial intensity data in the 928 

filtered image in the iteratively deformed domain B . In this particular study, a 3D Gaussian 929 
kernel has been used. 930 

 
2( ) exp

2
X XX Aκ
σ
⋅⎛ ⎞= −⎜ ⎟

⎝ ⎠  (0.6)  931 

where 2σ  is the spatial variance used to control the extent of blurring and A  is a normalizing 932 
constant. 933 
 934 
2.3 Underregistration and overregistration 935 
 936 
During the deformable registration process, the deformed template may be underregistered at 937 
certain parameter values, despite the blurring applied to that that particular parameter. This leads 938 

to a false minimum total energy E  and the deformation values we get is not optimal. On other 939 

hand if in equation 1.2, the U  term is bigger than the W term, the minimized energy becomes 940 
negative in some spaces and a false deformation is reported termed as ‘overregistration’. This is 941 
demonstrated in Supplementary Fig. 2, for the two parameters stiffness (S2.a) and penalty (S2.b).  942 
 943 
Supplementary Note 3: Strain measures to quantify deformation 944 
 945 
Deformable microscopy directly yields displacement measures, which leads to fundamental strain 946 
measures. For two-dimensional (2D) analysis, as performed in this work using the z projection of 947 

the images, the relevant strain measures computed are: xxE , yyE and xyE .  948 
The hydrostatic strain can be derived from those quantities as: 949 

2
xx yy

hyd

E E
E

+
=

 950 
The first and second deviatoric strains are computed as: 951 

1 2
xx yy

d xx hyd

E E
E E E

−
= − =

 952 

2 2
yy xx

d hyd yy

E E
E E E

−
= − =

 953 

Therefore, 1 2d dE E= −  for 2D measurement. Unless otherwise mentioned all quantifications of 954 
deviatoric strain in this study are the second deviatoric strain. Note that this relation does not hold 955 
true for three-dimensional (3D) measurements. For this work, all nucleus deformation 956 
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experiments are performed on cells plated on 2D surface, therefore the z directional strain has 957 
minimum effect on the two dimensional strain measurement. However, these methods can be 958 
applied and extended to 3D strain measurement as reported2. 959 
 960 
Supplementary Note 4: Nuclear deformation during cell spreading 961 
 962 
Passage 4 chondrocytes were derived as described in the chondrocyte hyperosmotic loading 963 
section. DNA of passage four bovine chondrocytes were stained in suspension with DRAQ5 (Cell 964 
Signaling). Chondrocytes were then plated on plastic dishes maintained at 37°C, while two-965 
photon microscopy (Olympus with a tunable Mai-Tai laser set at 540-600 nm) acquired time-966 
lapse images of the cells (transmitted light) and nuclei (fluorescence). See Figure S7.a for details 967 
of the cell spreading. Intuitively, this simple cell spreading assay predicts a uniform strain pattern 968 
in the nucleus, as there is no directional loading applied on the cell. Bulk mechanical behavior of 969 
cell computed by cell aspect ratio and cell nuclear area follows this predictable pattern. Nucleus 970 
aspect ratio was near 1 (S7.b), suggesting a biaxial expansion and contraction during the time-971 
course change of the nucleus area. However, the internal strain fields were locally complex, with 972 
spatiotemporal variations in tensile and compressive strain magnitudes, thus leading to complex 973 
hydrostatic and deviatoric strain (S7.c). From the spreading to anchoring phase, at some time 974 
points, high average tension (S7.d) in cell was found, suggesting cells attach on the substrate by 975 
creating short protrusions. These results warrant further investigation of local nuclear behavior 976 
during cell spreading. 977 
 978 
 979 
 980 

 981 
 982 
Figure S1: Flowchart explaining iterative hyperelastic warping based deformable image 983 
registration. The procedure is repeated with parameter (stiffness and penalty) sweep. 984 
 985 
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 986 
 987 
Figure S2: Registration process during iterative hyperelastic warping. Demonstration of 988 
underregistration and overregistration for the two parameters : stiffness (a) and penalty (b) 989 
through hydrostatic strain map. (c) Shows how an optimal solution is reached by the iterative 990 
procedure after best registration is achieved. 991 
 992 
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 993 
 994 
Figure S3: Effect of intranuclear stiffness on strain measurement. (a) Percent strain of the 995 
four nuclei A, B, C and D as measured by bulk measurements (i.e. engineering strain based on 996 
major axis, aspect ratio and nucleus area). (b) Hydrostatic strain vs. normalized chromatin 997 
intensity. For nuclei A and D, where the euchromatin region is stiffer, similar strain vs intensity 998 
trends were observed, with opposite trends found for nuclei B and C. (c) Segmentation of the 999 
nucleus images into euchromatin and heterochromatin regions show that the total strain 1000 
distribution (blue histogram, highlighted with a red line) is a composite of the two strain 1001 
distribution representing heterochromatin (green line) and euchromatin (white line). (d) 1002 
Percentage of total hydrostatic strain distributed between the hetero- and euchromatin 1003 
components. 1004 
 1005 
 1006 
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 1007 
 1008 
Figure S4: Efficacy of parameter sweep in deformation microscopy. To quantify the efficacy 1009 
of our new technique, the root mean square error (RMSE) was computed comparing known 1010 
forward simulation generated hydrostatic strain and the hydrostatic strain measured by 1011 
deformation microscopy. Root mean square error (RMSE) was also computed for image intensity 1012 
of the warped template and the target. The mean and standard deviation of the hydrostatic strain 1013 
value was also computed for the nucleus. The results are shown for stiffness and penalty 1014 
parameter sweep for all four nuclei. The RMSE reaches a minimum with increasing stiffness and 1015 
penalty, thus reaching the best possible solution. The average of hydrostatic strain is insensitive to 1016 
both the change in stiffness and penalty. The standard deviation in hydrostatic strain increases 1017 
with increasing penalty but decreases with increasing stiffness.  1018 
 1019 
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 1020 
 1021 
Figure S5: Validation of LINC complex disruption via TmKash3 or shSyne3 expression in 1022 
cardiomyocytes. A) Immunofluorescence staining of Nesprin-1 in cardiomyocytes transduced 1023 
with either TmCtr or TmKash3. The truncated nesprin (Kash3-mRuby2) expression construct 1024 
integrated properly around the nucleus and disrupted the localization of Nesprin-1 to the nuclear 1025 
membrane in turn. B) PCR gene expression analysis of Nesprins 1 to 3 between cardiomyocytes 1026 
transduced with an shRNA cassette against a random scrambled sequence (shScr) or against 1027 
Syne3 (shSyne3) or non-transduced control cells (NTC); error bars=STD, n=4. 1028 
 1029 
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 1030 
 1031 
Figure S6: Comparison of strain map obtained using deformation microscopy and bulk 1032 
strain measurements for cardiomyocyte nuclei. Deformation microscopy analysis of 1033 
cardiomyocyte nuclei plated on either soft (15 kPa) or stiff (150 kPa) PDMS substrates. (a) 1034 
Spatial strain maps of cardiomyocyte nuclei   engineering strain based on major axis, (b) 1035 
Comparison of deformation microcopy and bulk strain analysis.  (c) Average strain in each 1036 
chromatin density segment for nuclei in CMs platted on soft or stiff substrates; (b, c) ** p<0.01, * 1037 
p<0.05, otherwise non-significant, n=5.   1038 
 1039 
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 1040 
 1041 
Figure S7: Bulk mechanical strain measurement during chondrocyte osmotic loading. Bulk 1042 
mechanical strain measurements: (a) normalized area and (b) engineering strain during osmotic 1043 
loading of passage 4 chondrocytes over time. As water diffuses out of the cell and nucleus both 1044 
measures show overall increase in negative compressive strain with time (green). Control cells in 1045 
medium shows no significant change in those quantities (red); lines and bars represent means and 1046 
standard deviation, osmotic loading: n=27, control: n=32. 1047 
 1048 
Supplementary Figure 8 1049 
 1050 
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 1051 
 1052 
Figure S8: Nuclear deformation during cell spreading. Deformation microscopy and bulk 1053 
strain analysis of a P4 chondrocyte nucleus during cell spreading. (a) Brightfield microscopy of 1054 
cell (transmitted) nucleus (red) during cell spreading. (b) Area and aspect ratio change of cell and 1055 
nucleus indicates different phases during cell spreading. Area and aspect ratio were computed by 1056 
masking cell and nucleus images in ImageJ. (c) Intranuclear strain maps computed via 1057 
deformation microscopy using the start of the anchoring phase (49 min) as undeformed reference. 1058 
(d) Average tensile and compressive strains over time. Tensile strain showed a temporal spurt 1059 
from spreading to anchoring phase while compressive strain steadily increased with time. 1060 
 1061 
 1062 
Supplemental Table 1. Primer and shRNA hairpin sequences. Top: Hairpins with target 1063 
sequence against nesprin-3 or scrambled control sequence. Hairpin is underlined and bold. 1064 
Bottom: Primer sequences for qPCR validation of shRNA-mediated nesprin knock-down. 1065 
 1066 
Name shRNA Cassette Sequence 
shSyne
3 

CGCTCATGCTTCGGTACAATGCTCGAGCATTGTACCGAAGCATGAGCGTTT
TTT 

shScr GTGCACACGTTATGGCTACCTCTCGAGAGGTAGCCATAACGTGTGCACTTT
TTT 

Gene Forward Primer Reward Primer 
Gapdh TGTCAAGCTCATTTCCTGGTATG GGGATAGGGCCTCTCTTGCT 
Syne1 CCAAAGAGCAGGTCCACAAGA GGTACAAGGCAGGTGAGTCC 
Syne2 ACCTTCTTGGAAGAGGAAGAGG CCCTGATCACCCTTGAGAGGA 
Syne3 GACTGCATTCCAGAAGAGTCGG ACGGCATGCTTTCTGTAGGAG 
 1067 
 1068 
Supplementary video 1 Time-lapse microscopy of hyper-osmotically dehydrating 1069 
chondrocyte on a substrate embedded with beads. Nucleus is shown in green, beads are red 1070 
and the cell contour can be visualized in bright field, at 7 min timepoint parts of the cell contour 1071 
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marked with pink arrows. The microscopic image stack was analyzed to quantify the substrate 1072 
stress relaxation using traction force microscopy and nuclear strain using deformation microscopy 1073 
as explained in the main text, Figure 2. 1074 
 1075 
Supplementary video 2 Time lapse microscopy of cardiomyocyte beating on soft vs stiff 1076 
substrates.  The nucleus deforms more on soft substrate and less on stiff substrate, the extent of 1077 
mechanical strain is quantified using deformation microscopy. See main text, Figure 3. Scale bar: 1078 
10 µm.  1079 
 1080 
 1081 
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