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Titin governs myocardial passive stiffness 
with major support from microtubules and 
actin and the extracellular matrix

Christine M. Loescher    1,2, Johanna K. Freundt    1,2, Andreas Unger1, 
Anthony L. Hessel1, Michel Kühn1, Franziska Koser    1 & Wolfgang A. Linke    1 

Myocardial passive stiffness is crucial for the heart’s pump function and 
is determined by mechanical elements, including the extracellular matrix 
and cytoskeletal filaments; however, their individual contributions 
are controversially discussed and difficult to quantify. In this study, we 
targeted the cytoskeletal filaments in a mouse model, which enables the 
specific, acute and complete cleavage of the sarcomeric titin springs. We 
show in vitro that each cytoskeletal filament’s stiffness contribution varies 
depending on whether the elastic or the viscous forces are considered 
and on strain level. Titin governs myocardial elastic forces, with the 
largest contribution provided at both low and high strain. Viscous force 
contributions are more uniformly distributed among the microtubules, titin 
and actin. The extracellular matrix contributes at high strain. The remaining 
forces after total target element disruption are likely derived from desmin 
filaments. Our findings answer longstanding questions about cardiac 
mechanical architecture and allow better targeting of passive myocardial 
stiffness in heart failure.

Dynamic regulation of myocardial passive stiffness is crucial for 
regulating cardiac output, as is well described by the Frank–Starling 
mechanism. However, increased myocardial stiffening is also a major 
characteristic of heart failure (HF), especially HF with preserved ejec-
tion fraction (HFpEF; refs. 1–3). Myocardial stiffness is derived from 
numerous protein networks and filament systems, including the extra-
cellular matrix (ECM), the microtubule (MT) network, titin, the micro-
filament (actin) network and the intermediate filament (IF) network4–8. 
Many of these networks have been shown to alter their stiffness proper-
ties under both physiological and pathological conditions4–7. In addi-
tion, the cell membrane (sarcolemma) provides the containment lines 
that all the aforementioned networks need to work within or around, 
but its direct stiffness contribution remains unclear9. In line with the 
Frank–Starling mechanism, the contribution of any network or filament 
system to overall stiffness will also depend on cardiac filling and asso-
ciated myocardial strain1. Moreover, all these networks, particularly 

within the cardiomyocytes themselves, are inherently intertwined to 
form the structural framework for the cell10. Therefore, removing one 
network may directly impact the tensional integrity and passive force 
contribution of another, a prime example being interactions between 
the sarcomeric proteins titin and actin11,12.

Although myocardial passive stiffness properties of mechani-
cal network members have been investigated individually by acutely 
disrupting them pharmacologically12,13, this approach has not been 
possible to specifically quantify the contribution of titin. Titin is consid-
ered one of the most critical proteins in regulating overall myocardial 
stiffness, with titin isoform switching, changes in post-translational 
modifications and haploinsufficiency6,7,14 all having been implicated in 
myocardial passive stiffness changes and HF. However, specifically tar-
geting titin to directly quantify its contribution to myocardial stiffness 
has not been possible. We overcome these obstacles using our recent 
genetic mouse model, the titin cleavage (TC)-Halo mouse, which allows 
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explore the tensegral relationship between titin and actin by looking 
at disruption history-dependent effects and reciprocal interactions. 
We found that titin is the largest contributor to elastic passive forces 
of mouse myocardium, whereas the viscous component is mostly a 
combination of MT-based, titin-based and actin-based forces. The 
distribution of passive stiffness among the structural elements is also 
dependent on fiber bundle strain, with the ECM becoming highly rel-
evant for the elastic and viscous forces at higher strain. Our data pro-
vide not only a precise quantification of the individual contributions 
from the different structural elements to myocardial stiffness in a 
single model but also much-needed information to guide therapeutic 
strategies aiming to target the pathological stiffness of the diseased 
heart, such as in HFpEF.

Results
The structural integrity of the myocardial wall can be attributed to 
several mechanical elements, including MTs, sarcolemma, titin, actin, 
ECM and IFs. Taking a systematic approach, we compared the respec-
tive contributions of these elements to the passive elastic and viscous 
forces of mouse LV myocardium over a range of fiber bundle strains 
and also visualized the substructure of the heart before and after the 
acute removal of each of these components.

us to acutely, specifically and completely sever titin within the spring 
region15–17. The insertion of the genetic cassette causes no pathological 
effects, with the mice having normal heart and muscle function, and 
no alterations are seen in the ultrastructure of the sarcomeres15,16. The 
TC-Halo mouse has provided critical information on the mechanical 
role of titin in skeletal muscle but has not yet been used to investigate 
passive stiffness properties of the myocardium15–17.

A further challenge is that there are various ways to define and 
quantify myocardial stiffness, making it difficult to compare myocar-
dial stiffness contributions of individual mechanical network members 
obtained from different studies3. In this study, we focused on uniaxial 
tensile passive stiffness/forces of the left ventricular (LV) myocardium. 
Moreover, we considered the viscoelastic properties of the myocar-
dium in more depth by evaluating the velocity-insensitive (‘elastic’) 
component and the velocity-sensitive (‘viscous’) component of the 
myocardial tensile passive forces separately.

Using the TC-Halo mouse, we systematically ‘play musical chairs’ 
with the main contributors to myocardial passive stiffness—the MT 
network, sarcolemma, titin and actin—by removing them one by one. 
The contribution of the ECM is assessed by comparing LV fiber bundles 
and individual cardiomyocytes, and we infer the role of the IFs/desmin 
through the extensive elimination procedures used. Moreover, we 
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Fig. 1 | MT network structure and passive force contributions in cardiac 
LV fiber bundles. a, Confocal images of native cardiac fiber bundles fixed 
immediately after isolation, perfused in NT buffer for 90 min as a control or 
treated with 30 µM colchicine (Colc.) for 90 min. The MTs were stained with 
anti-α-tubulin (top; secondary antibody, Alexa Fluor 488-conjugated IgG) and 
titin with α-TTN5 (middle; secondary antibody, Alexa Fluor Cy3-conjugated IgG); 
a merge image was added (bottom). Scale bars, 10 µm. Similar findings were 
obtained from N = 3 mice per group from n = 30 images. b, Matched samples 
from a were also used to detect the polymerized fraction of the MTs for western 
blot against α-tubulin with Coomassie staining of the PVDF membrane used 
as loading control, for quantification (n = 3). c, Pictographic representation 
of the Colc. treatment effect. d, Stretch protocol performed on cardiac fiber 
bundles and example traces from a cardiac fiber bundle measured under 

native conditions and after a 90-min incubation with 30 µM Colc. Inset is an 
enlargement of the 20% strain trace indicating the passive force components 
analyzed (elastic and viscous). Elastic (e) and viscous (f) forces under native 
conditions followed by Colc. treatment (N = 7 and n = 14). Forces are relative to 
the highest elastic/viscous force measured at 20% strain under native conditions. 
The significant force reduction after Colc. for a given strain is stated (pink 
values). All data are mean ± s.e.m. N refers to the number of animals used, and 
n refers to the number of fibers measured (b) or the number of measurements 
made for each strain level, including the two technical replicates measured 
for each cardiac fiber bundle (e,f). Significance (P values stated in black) was 
determined using a Kruskal–Wallis test and Dunn’s test (b) or two-way repeated-
measures ANOVA followed by Sidak’s multiple comparisons test (e,f). Curves 
were fitted with a second-order polynomial (e,f).
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MTs substantially contribute to viscous forces
Starting with native cardiac LV fiber bundles, we first targeted the exten-
sive MT network. We confirmed with both confocal imaging (Fig. 1a) and 
western blot (Fig. 1b) that 90-min incubation with colchicine caused 
the complete disruption of the MT network (Fig. 1c).

To measure the passive force contribution of the MTs, we per-
formed a stepwise stretch protocol to extend the native LV fiber bundles 
from slack length (0% strain) to 20% strain (Fig. 1d). These strain levels 
approximate a range of physiological cardiomyocyte strains from 
low to high. For each step, the fiber bundle was stretched to a given 
strain level and held for 10 s before being released to its starting length 
(0% strain). The measured forces for each step were divided into the 
velocity-insensitive elastic component by fitting the 10-s force relaxa-
tion curve to determine the steady state and the velocity-sensitive 
viscous component by comparing the difference between the peak 
force after stretch and the calculated steady state (Fig. 1d, inset). We 
then disrupted the MT network using a 90-min colchicine treatment 
and compared the passive forces before and after the disruption. The 
difference in force elicited was taken as the force contribution of the 
MTs for each fiber bundle strain.

The disruption of the MT network caused a significant reduction 
in elastic force (Fig. 1e). The contribution to total elastic force, relative 
to the native fiber bundle, decreased from 22% at 8% strain to only 14% 
at 20% strain (Fig. 1e). The viscous force contribution of the MTs was 
relatively higher than the elastic force contribution overall but also 
became smaller with increasing strain (36% contribution at 4% strain 

and 29% contribution at 20% strain) (Fig. 1f). A 90-min incubation with 
DMSO only (control) had no impact on the MT network’s contribution 
to passive forces (Extended Data Fig. 1).

The sarcolemma has low relevance for the viscoelastic forces
The sarcolemma is critical in separating the extracellular and intracel-
lular environments and provides anchoring points for many structural 
proteins. However, whether it directly contributes to passive forces 
in the myocardium is still unclear9. Confocal imaging confirmed the 
complete permeabilization of the sarcolemma with a 30-min treat-
ment using the detergent Triton X-100 (Fig. 2a), but, interestingly, 
this treatment did not completely disrupt the MT network as expected 
based on previous reports18. When the MT network was still in place 
during permeabilization, the sarcolemma did not contribute to elastic 
force at all (Fig. 2b) and only contributed to viscous force at high strain 
(Fig. 2c). We carefully considered the solution composition during the 
transition of the fiber bundle from the extracellular to the intracellular 
environment to ensure that passive force changes were not an artifact 
of the solution environment (Extended Data Fig. 2).

Additionally, we removed the MTs first (using colchicine) and 
only then permeabilized the cardiac fiber bundles using 30-min Triton 
X-100 before repeating the stretch protocol (Fig. 2d,e). In the absence 
of the MT network, the sarcolemma made a small contribution to 
elastic forces at larger strains—14% and 16% at 16% and 20% strain, 
respectively (Fig. 2d)—and did not contribute to viscous forces (Fig. 2e).  
This finding suggests that the MT network has a direct impact on the 
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Fig. 2 | Sarcolemma constitution and passive force contribution in cardiac LV 
fiber bundles. a, Confocal images of an LV fiber bundle area in native state and 
after permeabilization for 30 min with Triton X-100. Sarcolemma was stained 
with wheat germ agglutinin, MTs with anti-α-tubulin (secondary antibody, 
Alexa Fluor 488-conjugated IgG), titin with anti-HaloTag (secondary antibody, 
Alexa Fluor 647-conjugated IgG) and merge (bottom). Scale bars, 10 µm. Similar 
findings were obtained from N = 5 mice per group from n = 40 images. Elastic 
(b) and viscous (c) forces of native cardiac fiber bundles (Native) and then 
permeabilized for 30 min with Triton X-100 (Perm., N = 5, n = 10). Elastic (d) 
and viscous (e) forces after colchicine (Colc.) treatment first and then 30-min 

permeabilization (Perm.) with Triton X-100 (N = 7, n = 14). Forces are relative 
to the mean elastic and viscous forces measured at 20% strain in native fiber 
bundles (b,c) or after Colc. treatment (d,e). The significant force reduction after 
Perm. for a given strain is stated (blue values). Data are mean ± s.e.m. N refers to 
the number of animals used, and n refers to the number of measurements made 
for each strain level, including the two technical replicates measured for each 
cardiac fiber bundle. Significance was determined using a two-way repeated-
measures ANOVA followed by Sidak’s multiple comparisons test (P values stated 
in black). Curves were fitted with a second-order polynomial.
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apparent passive force contribution of the sarcolemma, and that the 
latter contributes in a limited manner to passive forces, mainly by 
helping contain and stabilize the MT network.

Actin greatly contributes to both elastic and viscous forces
With the MT network and the sarcolemma removed, we next wanted 
to determine the contribution of the actin network to passive force. 
Staining the LV tissue with rhodamine-phalloidin (RP) highlighted the 
extensive network of intra-sarcomeric and extra-sarcomeric actin, 
which we could then sever using a Ca2+-independent fragment of gel-
solin (GLN-40; ref. 12). This treatment left only a small fragment of 
F-actin within the Z-discs of the sarcomeres (Fig. 3a).

The severing of actin resulted in ~30% significant decreases in 
elastic force at mid to high strain (12–20% strain; Fig. 3b). Similarly, a 
significant decrease in viscous force of 54%, 36% and 24% was detected 
at 12%, 16% and 20% strain, respectively (Fig. 3c).

Titin is acutely cleaved in TC-Halo mouse heart tissues
Titin is a major mechanical protein in striated muscles, making up 
almost a fifth of the total protein content within the cardiomyocyte14. 
However, specific pharmacological targeting of titin to accurately 
determine its contribution to passive forces has not been previously 
possible. Our TC-Halo mouse contains a HaloTag-Tobacco Etch Virus 
protease (TEVp) recognition cassette cloned in frame between consti-
tutively expressed TTN exons 225 and 226, encoding Ig domains I86 and 
I87 at the distal end of I-band titin (Fig. 4a). This cassette enables the 
specific, complete and acute cleavage of titin within the I-band using 
TEVp on homozygous mutant samples15,16. In addition, specific labeling 
of the HaloTag as part of the cassette can be used to track titin cleavage 
and ultrastructural changes in the sarcomere (Fig. 4a).

Because the TC-Halo mouse model has not been used previously 
in mechanical measurements of cardiac tissue, we initially performed 
experiments to ensure that the model is suitable to completely sever 
titin in our passive force recordings on cardiac fiber bundles. We con-
firmed Mendelian distribution of the cassette in LV cardiac tissue using 
western blot, immunofluorescence and electron microscopy (EM), with 
all titin protein containing the cassette in homozygous (Hom), 50% in 
heterozygous (Het) and none in wild-type (WT) fibers (Fig. 4b,c and 
Extended Data Fig. 3a,b). We could sever 100% of titin containing the 
cassette using 8 mg ml−1 TEVp for 10 min on Hom LV tissue, which we 
detected on protein gels using Alexa Fluor488-conjugated HaloLigand 

bound to the HaloTag (Fig. 4b), and we also identified the cleaved titin 
A-band and I-band segments by immunoblot using I20-22 (TTN-5) and 
MIR anti-titin antibodies, respectively (Extended Data Fig. 3c).

Titin cleavage in fibers causes a reduction in passive force
We proceeded to perform a stepwise passive stretch protocol on pre-
permeabilized cardiac LV fiber bundles in which the sarcolemma and 
the MTs are already severely disrupted (Extended Data Fig. 4). We com-
pared the passive forces before and after titin cleavage in homozygous 
(Hom) fiber bundles and used WT LV fiber bundles as our experimental 
control. Titin cleavage in the Hom fiber bundles caused a substantial 
decrease in elastic force at all strains ≥10%, ranging from a 73% decrease 
at 10% strain to a 46% decrease at 25% strain (Fig. 4d), which was much 
larger than what we had detected for either the MT or actin networks 
(compare Fig. 1e and Fig. 3b). TEVp treatment had no effect on passive 
elastic force in WT fiber bundles (Fig. 4e). Unlike in WT fiber bundles 
(Extended Data Fig. 5), viscous forces in Hom fiber bundles were also sig-
nificantly reduced after TEVp incubation at fiber strains >10% (Fig. 4f).

Passive force greatly drops in titin-cleaved cardiomyocytes
We speculated that the smaller drop in titin-based passive forces 
observed at low versus high strain in cardiac fiber bundles could be 
due to the ECM (still present in the fiber bundle preparations) becom-
ing increasingly important as a stiffness contributor with higher strain. 
Therefore, we also cleaved titin in single, isolated, permeabilized, TC-
Halo cardiomyocytes isolated from LV tissue which, similarly to the 
pre-permeabilized fiber bundles, also lacked the sarcolemma and MTs 
but where the ECM is completely absent. Both the elastic and the viscous 
force contributions were measured in permeabilized cardiomyocytes 
strained to 20% (range of slack sarcomere length, 1.8–1.9 µm) before 
and after a 10-min TEVp treatment (Fig. 5a).

We found that, on average, the elastic force decreased by 78% in 
Hom cardiomyocytes treated with TEVp (Fig. 5b), much more than the 
54% decrease observed at 20% strain in Hom cardiac LV fiber bundles 
(compare to Fig. 4d). Average viscous force decreased by 86% with 
titin cleavage in Hom cardiomyocytes (Fig. 5b), twice that detected 
in Hom cardiac LV fiber bundles strained to the same level (Fig. 4f). 
TEVp-treated WT cardiomyocytes did not show a noteworthy passive 
force drop (Fig. 5b).

Such large changes in passive force will also likely have a struc-
tural impact. Using transmission electron microscopy of untreated or 
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TEVp-treated Hom cardiac LV tissue, we found that the cleavage of titin 
resulted in both Z-disc and A-band disorders (Fig. 5c,d).

One-third of cardiomyocyte viscoelastic force is actin based
Next, we wanted to know if the absence of the ECM in single cardiomyo-
cytes also affected the relative actin contribution to passive forces. 
Repeating the single cardiomyocyte stretch protocol, we again severed 
actin using GLN-40 (Fig. 5e). Mean elastic force decreased by 30% at 20% 
strain, which was very similar to what was detected in permeabilized LV 
fiber bundles (26% at 20% strain; compare to Fig. 3b). Likewise, actin-
based viscous forces reached 38% of total viscous forces in permeabi-
lized single cardiomyocytes (Fig. 5d), whereas a 24% contribution to 
viscous force had been detected in permeabilized LV fiber bundles at 
20% strain (compare to Fig. 3c). Ultrastructurally, the severing of actin 
caused the A/I-band junction of the sarcomeres to become less well 
defined and the I-band region to appear lighter (Fig. 5g).

Minimal passive force remains after actin and titin severing
Judged by the effects on passive forces caused by titin cleavage  
(Fig. 5b) and actin severing (Fig. 5f) in the cardiomyocytes, we expected 
that both interruptions together in the same sample should result in 
the complete loss of passive forces. However, even after performing 
both of these treatments, a small amount of passive force remained  

(Fig. 5h): a residual 15% elastic force and 8% viscous force was detected 
(Fig. 5i). As we had not disrupted the IF/desmin network, we speculated 
that the remaining force could originate in the desmin filaments. Elec-
tron micrographs of LV tissue showed that, under these conditions, the 
sarcomeric A-bands and Z-discs were almost completely dissociated 
from each other, but the Z-discs still maintained a loose connection  
(Fig. 5j). Performing anti-desmin immunofluorescence staining, we 
found that, after both titin cleavage and actin severing, the desmin 
network became severely disordered but was still present as an inter-
connecting mesh (Fig. 5k and Extended Data Fig. 6).

Titin and actin demonstrate non-reciprocal tensegrity
The ‘musical chairs’ approach of disrupting structural elements one by 
one showed treatment history-dependent effects on passive forces, as 
seen by the force variations detected by MT–sarcolemma interactions 
(compare to Fig. 2b,e) and ECM–titin/actin (compare to Figs. 3–5) inter-
actions. However, in all these cases, the reciprocal interaction could not 
be studied by reversing the order in which they were disrupted. Titin 
and actin are also interaction partners within the sarcomere. More 
specifically, a segment of titin at the periphery of the Z-disc encoded by 
TTN exon 28 is anchored to sarcomeric actin, shortening the effective 
contour length of elastic I-band titin12. Whether titin also influences the 
relative passive force contribution of actin is not clear.

TEV HaloTag
TEVp

Ig86 Ig87
HaloLigand

C
le

av
ed

 ti
tin

 (%
)

Hom
+–

Het
+–

WT
+–TEVp MDa

3.2
3.0
2.4
2.3

Hom WTHet

Elastic force Elastic force

Hom
Hom+TEVp100

Re
la

tiv
e 

el
as

tic
 fo

rc
e 

(%
)

40

20

0
10 15 5 2520

60

80

Strain (%)
0 10 15 5 2520

Strain (%)
0 10 15 5 2520

Strain (%)
0

a

d fe

cb

WT
WT+TEVp

↓40%

↓73%

↓66%

↓54%

↓46%

100
Re

la
tiv

e 
el

as
tic

 fo
rc

e 
(%

)

40

20

0

60

80

Viscous force

Hom
Hom+TEVp100

Re
la

tiv
e 

vi
sc

ou
s 

fo
rc

e 
(%

)

40

20

0

60

80

N2BA
N2B

T2/Cr
Cleaved

N2BA
N2B

T2/Cr
Cleaved

3.2
3.0
2.4
2.3

0

50

100

<0.001

↓36%
(=0.049)

↓44%
(<0.001)

(<0.001)

(=0.006)

(<0.001)

(<0.001)

(<0.001)

Hom+HaloLigand HaloLigand fluorescence

Coomassie

Actin
Titin

Desmin

HaloTag
Z-disc

M-band

Myosin
30-min
TEVp

Fig. 4 | Specific titin cleavage in the TC-Halo mouse model and the 
contribution of titin to passive forces in cardiac LV fiber bundles.  
a, Schematic of the HaloTag-TEVp recognition cassette within titin in the 
TC-Halo mouse model. Confocal images show HaloTag labeling with Alexa 
Fluor 488-conjugated HaloLigand before and after titin cleavage on the same 
cardiomyocyte sample. Scale bar, 10 µm. Similar findings were obtained from 
N = 3 mice per group from n = 10 images. b, Coomassie stain of a loose titin 
protein gel showing the effects of TEVp treatment on cardiac titin in homozygous 
(Hom), heterozygous (Het) and WT LV tissue samples and the same gel detecting 
the HaloTag labeling with HaloLigand-Alexa Fluor 488. Samples were obtained 
from N = 4 mice for each genotype, and n = 8 is the number of lanes analyzed for 
each group. c, Quantification of cardiac titin cleavage on Coomassie-stained gels 
(n = 8). d, Elastic forces before and after 10-min TEVp treatment in Hom (N = 8, 

n = 12) cardiac fiber bundles. e, Elastic forces in WT fiber bundles (N = 6, n = 9) 
under the same treatment conditions. f, Viscous force changes in Hom fibers 
under the same treatment conditions. Forces relative to an initial 30% strain 
before TEVp incubation with the mean of the 25% strain set to 100%. Data are 
mean ± s.e.m. N refers to the number of animals used, and n refers to the number 
of technical replicates on a gel (c) or individual cardiac fiber bundles measured 
(d–f). Curves were fitted with a second-order polynomial. The significant force 
reduction after TEVp versus Hom control for a given strain is stated (purple 
values). Significance was determined using an unpaired t-test (c) or two-way 
repeated-measures ANOVA followed by Sidak’s multiple comparisons test (d–f). 
P values are in black. N2BA, N2B and Cr (Cronos) are titin isoforms, and T2 is a 
proteolytic titin fragment. ‘Cleaved’, A-band titin part after TEVp.
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We addressed this issue by disrupting both actin (by GLN-40) and 
titin (by TEVp) in single permeabilized LV cardiomyocytes but varied 
the order in which they were disrupted (Fig. 6a,b and Extended Data 
Fig. 7). Focusing on the elastic force, regardless of which treatment 
occurred first, no noteworthy difference was detected in the remaining 
elastic force after both titin cleavage and actin severing (Fig. 6a,b and 
Supplementary Table 1). First titin cleavage and then actin severing 
resulted in a mean 15% passive force remaining, whereas first actin 
severing and then titin cleavage resulted in 19% passive force remaining, 
consistent with the IF network being unaffected by the order in which 
titin and actin were disrupted (Fig. 6a,b and Supplementary Table 1).

Actin severing caused a consistent loss of ~30% passive elastic 
force, regardless of whether titin had previously been severed or not 
(Fig. 6a,d, orange values, and Supplementary Table 1). This indicated 
that the contribution of actin to passive stiffness was not influenced 
by the presence of titin. However, the importance of actin in aiding 
the tensional integrity of titin became apparent in the reciprocal 
experiment. Whereas titin cleavage alone resulted in a 78% decrease 
in elastic force in Hom sarcomeres (Figs. 5b and 6b), elastic force 
in actin-severed Hom cardiomyocytes dropped by 73% upon titin 

cleavage (Fig. 6c), which was significantly less than if actin was pre-
sent (Supplementary Table 1). Similar results were seen in the viscous 
forces (Extended Data Fig. 7 and Supplementary Table 1). These results 
are consistent with actin and titin filaments being part of a cellular 
tensegrity structure.

Titin with MTs, actin and ECM governs myocardial stiffness
Based on our series of experiments and maintaining our ‘musical chairs’ 
approach, taking into account the lack of sarcolemma and MTs in the 
pre-permeabilized LV fiber bundles and cardiomyocytes, and with the 
inclusion of the sarcolemma data after MT network disruption, we could 
summarize our findings as seen in Fig. 7. The distribution of the total 
passive force among the structural elements varies greatly depending 
on the strain level and on whether elastic or viscous forces are consid-
ered (Fig. 7 and Supplementary Table 2). Titin alone contributes over 
one-half of the elastic forces at a 10% strain amplitude and over one-
third at 20% strain. Titin also contributes more than one-quarter of the 
viscous forces at both strain levels. The MTs and actin substantially 
contribute to the elastic and viscous forces as well, each contributing 
over 20% at low strain. The MTs are the predominant contributor to 
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Fig. 5 | Passive force of single cardiomyocytes and sarcomere ultrastructure 
before/after titin cleavage and/or actin severing. a, Stretch protocol and 
raw force traces (force (F) normalized to cross-sectional area (A)) from Hom 
and WT permeabilized cardiomyocytes after TEVp treatment. b, Elastic and 
viscous forces at a 20% strain measured in permeabilized Hom (N = 5, n = 11) 
and WT (N = 4, n = 7) cardiomyocytes after TEVp incubation (relative to pre-
TEVp treatment). c,d, Representative electron micrographs of Hom TC-Halo 
sarcomeres and cartoons of untreated Hom (half-) sarcomere (c) and Hom (half-) 
sarcomere after titin cleavage with TEVp (d). Raw force/cross-sectional area 
(F/A) traces from a Hom cardiomyocyte (e) and mean relative elastic and viscous 
forces (N = 5, n = 12) before and after actin severing with gelsolin (GLN-40) (f). 
g, Representative electron micrograph of Hom sample after actin severing with 
GLN-40 (left) and cartoon of half-sarcomere depicting the GLN-40 treatment 

effect (right). h, Raw force/cross-sectional area (F/A) of a Hom cardiomyocyte 
before/after both actin severing and titin cleavage. i, Elastic and viscous forces 
remaining after actin severing and titin cleavage (probably desmin based, N = 5, 
n = 11). j, Representative electron micrograph of Hom sarcomeres after titin 
cleavage and actin severing. k, Desmin immunofluorescence staining (secondary 
antibody, Alexa Fluor 488-conjugated IgG) of an untreated sample and after titin 
cleavage+actin severing, with representative cartoon depicting the treatment 
effect. Scale bars, 10 µm. Data are mean ± s.e.m. N refers to the number of animals 
used, and n refers to the number of individual cardiomyocytes measured. For 
electron micrographs, similar images were obtained from N = 3–5 mice per group 
from n = 35 images. Significance was determined using two-tailed unpaired t-test. 
Scale bars for all electron micrographs, 500 nm.
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viscous forces (nearly 35%) at low strain. Whereas the ECM, sarcolemma 
and desmin filaments have a negligible contribution to the elastic forces 
at low strain, the ECM and desmin jointly contribute ~15% to viscous 
forces. However, the pattern changes with high strain: the ECM, actin, 
MTs and the sarcolemma each contribute close to one-eighth or more 
to the elastic forces, for a total of ~60%, the remainder (next to the 
dominating titin) taken up by the IFs/desmin. The viscous forces at high 
strain are nearly equally shared among the ECM, MTs and titin, whereas 
actin still contributes ~12% and desmin ~7%. Collectively, these results 
demonstrate that titin is the dominant contributor to elastic forces 
in LV myocardium, with major support from actin, the MTs and (only 
at larger strain) the ECM and sarcolemma. Viscous forces are more 
uniformly distributed among the MTs, titin and actin structures, with 
the ECM becoming increasingly important at high strain.

Discussion
Our systematic ‘musical chairs’ approach to investigate the various 
sources of myocardial passive stiffness in a single mouse model high-
lighted the critical elements of the myocardial architecture in deter-
mining this stiffness, which vary in their relative contribution to total 
stiffness depending on strain level and if elastic and viscous forces 
are considered separately. The elastic forces are governed by titin in 
concert with the MTs, actin, the ECM and the sarcolemma, whereas the 
viscous forces derive—in nearly equal shares—from the MTs, titin and 
the ECM, with substantial support from the actin cytoskeleton. Moreo-
ver, although together these elements determine myocardial passive 
stiffness, they do not equally support each other’s contributions, as 
demonstrated by the non-reciprocal interactions. These findings high-
light that no structural element truly acts in isolation, and consideration 
for tensegral interactions must be given when developing therapeutic 
strategies targeting myocardial passive stiffness.

Increases in titin stiffness have been associated with HF and 
increased myocardial stiffness2. A previous study by Granzier and 
Irving19, which also used a systematic elimination approach to evalu-
ate the important elements in myocardial stiffness, estimated that 
titin contributed up to 70% of passive tension when the protein was 
crudely extracted from permeabilized fiber bundles using KCl/KI19. 
The use of the TC-Halo mouse enabled the precise cleavage of titin, 
and we showed as much as a 73% decrease in elastic force (in per-
meabilized samples) at low strain levels (Fig. 4d), consistent with the 
previous report19. Our work suggests that the modulation of titin stiff-
ness therapeutically would have a large impact on overall myocardial 
stiffness and supports the ongoing pursuit of finding a therapeutic 
that targets titin stiffness.

Another major contributor to myocardial stiffness is the MT net-
work. At 10% strain, the MTs contributed more to the total viscous force 
than any other structural element (Fig. 7 and Supplementary Table 2). 
Our findings align with the current understanding of the importance of 
the MT network in modulating cardiac stiffness18,20,21. The MT network 
has been shown to contribute to tensile forces in both a rate-dependent 
and length-dependent manner18. Increased detyrosination of the MT 
network has been found in failing human cardiomyocytes and is asso-
ciated with increased viscoelasticity and impaired contractility20. In 
addition, in HF fiber bundles, baseline elastic stiffness and viscos-
ity were found to be higher than in healthy controls22,23. Colchicine 
treatment to disrupt the MT network was successfully used to reduce 
viscous forces22,24. Although colchicine has been tested therapeutically 
in cardiovascular disease, little is known about how this treatment 
modifies overall myocardial passive stiffness25. Based on our study, a 
cardiac-specific therapeutic to target the MT network-derived viscous 
forces could be advantageous for reducing total passive stiffness.

As expected from previous work26, the ECM also had a larger con-
tribution to passive forces at high strain but has a low passive stiffness 
at low strain (Fig. 7). The shift in dominant force source with higher 
strain levels was apparent when the actin and the titin force contribu-
tions became relatively reduced in fiber bundle samples at high strain  
(Figs. 3–5). Due to the complex viscoelastic nature of the ECM27, we  
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cannot rule out that some damage may have occurred through per-
meabilization or through mechanical stretching alone, causing us to 
underestimate the contribution of the ECM28. However, the agreement 
between our dataset and published work suggests that potential dam-
age to the ECM causing experimental artifacts was unlikely.

Sarcolemma remodeling and sarcolemma repair dysfunction are 
additional features of HF, but the direct mechanical consequence of 
these changes has not been measured29. A range of estimates has been 
suggested for the contribution of the sarcolemma to passive forces 
under healthy conditions19,30,31. In this investigation, we were particu-
larly careful to ensure that forces measured were not due to solution 
change artifacts (Extended Data Fig. 2) and to monitor the state of the 
MT network (Figs. 1a,b and 2a). We found that the sarcolemma contrib-
utes somewhat to elastic force at higher strain (Fig. 2b). However, the 
measured elastic force contribution of the sarcolemma was treatment 
history dependent, with the state of the MT network influencing the 
elastic force measured (Fig. 2b–d). Regardless, our results provide a 
key link between native and permeabilized tissue research9.

Actin provides crucial cellular scaffolding and anchoring points for 
many other proteins and is integral for active force production32. Our 
study shows that the contribution of actin to passive forces is relatively 
independent of the other cytoskeletal elements and the strain level  
(Fig. 7). We observed a consistently relevant elastic force contribution 
from actin in both LV fiber bundles and LV cardiomyocytes and in both 
the presence and absence of titin (Figs. 3b, 5f and 6a,d). We also dem-
onstrated the importance of actin in maintaining titin tension, with 
the removal of actin resulting in a loss of titin-based forces by 5–10%  
(Fig. 6b,c and Extended Data Fig. 7b,c). Although our approach targets 
all actin species, a previous study showed that actin severing by GLN-40 
in single isolated rat cardiac myofibrils (where only sarcomeric actin is 
present) reduced stiffness by approximately 57% (ref. 12). This is similar 
to the contribution of actin to viscous forces at low strain found in 
fiber bundles (Fig. 3c), suggesting that sarcomeric actin, much more 
than extrasarcomeric actin, determines the viscous forces of rodent 
cardiomyocytes. In contrast, the non-sarcomeric actin cytoskeleton is 
highly relevant for mechanical stiffness in other cell types33. Therefore, 
specifically targeting either non-sarcomeric or sarcomeric actin may 
reveal a more complex breakdown of actin passive force contributions; 
however, this was not within the scope of this study.

Despite trying to eliminate all sources of passive force, a small 
amount remained, which we attribute to the IFs/desmin. The IFs are 
considered highly extensible9 and, therefore, thought unlikely to play 
a major role in cardiomyocyte stiffness. However, when everything else 
was stripped away, desmin still provided a loose association between 
the sarcomeric elements and probably produced some residual force 
(Figs. 5j,k and 6a,b and Extended Data Fig. 7a,b). Granzier and Irving 
also suggested that the IFs/desmin may contribute to the remaining 
passive forces, although they found higher contributions (~10%) of 
the IFs/desmin at lower strain compared to higher strain19. As we found 
no residual force after titin cleavage in LV fiber bundles at low strain 
(Fig. 4d), the residual force seen by Granzier and Irving at low strain 
may have been a consequence of the non-specific titin extraction 
used rather than the contribution of the IFs/desmin themselves. It was 
recently shown that desmin stabilizes the MT network at the Z-discs34, 
suggesting that, although desmin does not directly contribute greatly 
to myocardial stiffness, it may play a critical role in determining the 
stiffness profiles of other protein networks.

Limitations arise from performing a series of experiments at dif-
ferent stages of our ‘musical chairs’ approach rather than conducting 
all disruptions in a single LV fiber bundle. Although this would be an 
ideal experiment, problems can arise from maintaining a fiber bundle 
for an extended period under harsh conditions, making the results less 
reliable. In addition, we did not cleave titin and sever actin in native/
intact preparations as neither TEVp nor GLN-40 can penetrate the 
sarcolemma. We also only inferred the contribution of the ECM and 

IFs/desmin. Although our study provides a good foundation for under-
standing the complex interplay among myocardial mechanical network 
members, the myocardium is very heterogeneous. It can vary in its 
composition, fiber orientation and mechanical properties depending 
on the location within the ventricle or layer within the myocardial wall 
itself35–37 or species38–40. Therefore, caution is required when extrapo-
lating these findings beyond LV tissue and into human myocardium.

Finally, the interplay among the different structural networks 
that contribute to myocardial passive stiffness highlights the need 
to start considering how these interactions may influence overall cel-
lular stiffness and integrity11. These types of interactions may explain, 
in part, the failing of some therapeutic strategies tried in the past41,42. 
However, with the improvement of our understanding of the sources of 
myocardial stiffness and how interactions between structural networks 
affect individual element stiffness profiles, these interactions may be 
artfully exploited for therapeutic gain in the future.

Methods
Animal model and genotyping
The mouse experiments adhered to the standards prescribed by the 
University Hospital of Muenster. Authorization for the breeding and 
experimental use of the TC-Halo mice15 was provided by the animal wel-
fare board of the state of North Rhine-Westfalia (Landesamt für Natur, 
Umwelt und Verbraucherschutz Nordrhein-Westfalen, LANUV NRW, 
81–02.04.2019.A472). Mus musculus of background strain C57BL/6JRj 
were used, age 8–16 weeks, both male and female. Mice were housed 
in open cages closed with a mesh lid. Mouse housing was subjected 
to a 12-h day/night cycle. Temperatures of 20–23 °C and humidity of 
30–60% were monitored and maintained. Water and food was acces-
sible ad libitum.

For genotyping, we employed polymerase chain reaction (PCR). 
Samples from ear punches were incubated overnight at 56 °C and 
shaken at 650 r.p.m. in a proteinase K buffer (100 mM Tris-HCl, pH 
8, 5 mM EDTA, 0.2% SDS, 200 mM NaCl, 100 mg ml−1 proteinase K). 
After this, DNA was isolated using isopropanol precipitation and 
then rinsed with 70% ethanol. The purified DNA was subsequently 
resuspended in TE buffer (10 mM Tris-HCl, 1 mM EDTA). The prim-
ers selected for this method were 5′-cgtggtggcttatcttctagc-3′ and 
5′-ctgttggttcatgcatctcc-3′.

Preparation of mouse hearts
Adult TC mice (age 8–16 weeks) were killed by cervical dislocation, 
according to the recommendations of the local animal care and use 
committee of the University of Muenster. Hearts were excised, excess 
blood was removed and hearts were washed in warmed (37 °C) normal 
Tyrode’s (NT) solution (140 mM NaCl, 0.5 mM MgCl2, 0.33 mM NaH2PO4, 
5 mM HEPES, 5.5 mM glucose, 5 mM KCl, adjusted to pH 7.4 with NaOH) 
containing no added Ca2+ that was continuously perfused with 100% 
O2, for native LV fiber bundle experiments. Alternatively, hearts were 
washed in cold PBS and then retrograde perfused through the aorta 
with 50:50 rigor:glycerol solution (75 mM KCl, 2 mM MgCl2, 2 mM 
ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid 
(EGTA), 10 mM Tris, 50% glycerol, pH 7.1) for at least 15 min, until they 
remained inflated and rigor had occurred, and then they were stored in 
50:50 rigor:glycerol solution at −20 °C for a minimum of 4 weeks before 
being used as pre-permeabilized LV fiber bundles. To limit protein 
degradation, rigor:glycerol solution contained one tablet of protease 
inhibitor (cOmplete, Roche Diagnostics) per 100 ml of solution.

Some hearts were also retrograde perfused with fixative (4% para-
formaldehyde, 15% picric acid in 100 mM PBS, pH 7.4) and then stored 
for at least 24 h before further processing for EM and immunofluo-
rescence analysis. Several other hearts were also flash frozen in liquid 
nitrogen and stored at −80 °C for later use in biochemical assays.

Generally, care was taken to ensure that the mechanical proteins 
remained unaffected by the isolation process by controlling parameters 
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such as temperature of isolation and solution compositions. Treatment 
success was checked by gel electrophoresis and western blot and on 
immunofluorescence images of specific structures compared before 
and directly after isolation and after different treatment times, as 
described below. When structures were clearly disrupted due to sample 
storage—that is, the loss of sarcolemma and MTs in glycerinated LV 
fiber bundles—this was taken into consideration in the final calcula-
tions in Fig. 7.

TEVp expression
TEVp was either acquired commercially from Thermo Fisher Scientific 
(AcTEV protease, 12575-023) and used according to the manufacturer’s 
instructions or produced in-house from vector pMHT238Delta. In 
brief, in-house expression of TEVp was induced in BLR (DE3) cells at 
OD600 = 0.6–1.0, using 1 mM IPTG, for 3 h at 37 °C. TEVp was purified 
with Ni-NTA beads agarose (Qiagen, 30210) and eluted with 250 mM 
imidazole. The buffer was exchanged with relaxing solution (RS: 170 
mM K-propionate, 20 mM MOPS, 2.5 mM Mg-acetate, 5 mM K2EGTA, 
2.5 mM ATP, 14.5 mM creatine phosphate, 1× working concentration of 
protease inhibitor cocktail (Promega, G6521), pH 7.0, at 0 °C) using 10K 
Amicon ultra filters (Millipore, UFC201024). A yield of ~8 mg ml−1 was 
obtained. Purified TEVp was flash frozen in liquid nitrogen and stored at 
−80 °C. To test TEVp viability, cardiac tissue (10 mg) was permeabilized 
in RS supplemented with 0.5% Triton X-100 for 8 min and subsequently 
washed three times in RS. The cardiac tissue was then incubated with 
TEVp (7.5 µl) and 100 mM DTT for 6 h at 22 °C and prepared for SDS-
PAGE. TEVp viability and quality were assured if the intact N2B titin 
band (~3.0 MDa) was reduced by ~100% in treated Hom tissue samples.

SDS-PAGE and immunoblotting
Agarose-strengthened 1.8–2.4% SDS-PAGE titin gels or regular gels/
western blots were prepared according to our published protocols43,44; 
sample preparation for the tubulin blots was modified from ref. 45. 
Samples were homogenized in modified Laemmli buffer (8 M urea, 
2 M thiourea, 3% SDS, 0.03% Serva Blue, 50 mM Tris-HCl, pH 6.8, 10% 
glycerol, 75 mM DTT), stored on ice for 20 min and subsequently boiled 
for 3 min at 97 °C. The protein concentration was determined spectro-
photometrically using Bradford reagent (Thermo Fisher Scientific).

Titin proteins were visualized by Coomassie staining or western 
blot as described previously17 or with covalently bound HaloLigand. 
HaloLigand labeling was performed before TEVp treatment. Tissue 
samples were incubated with 1:1,000 HaloLigand Alexa Fluor 488 
(Promega) for 15 min at 37 °C and then washed three times with RS. 
Samples were then incubated with TEVp for 6 h before being prepared 
and run on titin gels and visualized using the ImageQuant LAS 4000 
Imaging System with the Y515Di filter (Cy2).

Relative band intensities on Coomassie-stained gels measured for 
intact and cleaved N2BA/N2B titin were used to calculate the percent-
age of total titin cleaved by TEVp. To detect titin cleavage by western 
blot, we used a combination of the antibodies listed in Supplementary 
Table 3 and visualized them using the ImageQuant LAS 4000 Imaging 
System (GE Healthcare). Signals from HRP-conjugated secondary anti-
bodies were visualized by chemiluminescence (Amersham ECL Prime 
start western blot detection reagent, GE Healthcare). Signal intensity 
for all bands detected was quantified using either MultiGauge version 
3.0 (Fuji) or ImageQuant TL version 7.1 (GE Healthcare) software.

Polymerized tubulin determination
Polymerized tubulin was separated from free, soluble, monomeric 
tubulin using a modified method described in ref. 45. In brief, native 
LV fiber bundles, with or without colchicine treatment, were finely 
chopped and placed in 300 µl of hypotonic solution (0.1 mM MgCl2, 
2 mM EGTA, 1% tergitol, 2.5 mg ml−1 cOmplete protease inhibitor EDTA 
free, 50 mM Tris-HCl buffer, pH 6.8) and heated to 37 °C for 5 min in 
the dark to wash the free soluble monomeric tubulin from the sample. 

Samples were then centrifuged at 14,400g for 10 min at 25 °C. The 
supernatant was removed and the pellet resuspended in 300 µl of hypo-
tonic buffer and kept as the polymerized fraction of the MTs. Samples 
were mixed with 60 µl of Laemmli buffer and treated, as stated above, 
before being run on a 10% SDS gel and western blot performed. After 
protein transfer, the PVDF membrane used was stained with Coomas-
sie solution and imaged to visualize the total protein transferred from 
the gel before being incubated with the anti-α-tubulin. The PVDF total 
protein loading control image was compared to the anti-α-tubulin blot 
for quantification.

Native LV fiber bundle mechanical measurements
Fresh (native) cardiac LV fiber bundles were isolated from the LV wall, 
ranging in size from 1–2.5 mm long and 0.1–0.4 mm thick. To determine 
the relative force versus strain relationships, the LV fiber bundles 
were secured at each end with suture before being excised from the 
heart and were attached lengthwise between a piezomotor and a force 
transducer via aluminum clamps (Scientific Instruments) in a tem-
perature-controlled bath set to 37 °C and continuously perfused with 
oxygenated NT solution containing 1 mM EGTA and 30 mM 2,3-butan-
edione 2-monoxime to prevent active contraction. Force data were 
acquired using machine-customized software (https://github.com/
DrDJIng/FiberStretchProgram), which, however, was not customized 
for these experiments specifically.

The LV fiber bundles were exposed to a strain of up to 20% to 
minimize damage to the sample and to ensure a secure hold on the 
preparation. Typically, a stretch protocol was performed with five 
steps, up to 20% strain; length changes were accomplished by manual 
or computer-driven means. For each step, the LV fiber bundle was 
stretched and held at a given strain for 10 s before being released back 
to 0% strain (slack length). There was a ~1-min waiting time between 
each step, and each step was repeated twice and analyzed as separate 
technical measurements (n), before continuing onto the next step. 
Force data were recorded at 1,000 Hz. Forces were then normalized 
to the highest elastic or viscous force obtained during the 20% strain 
before a given treatment. Elastic force was determined by fitting the 
force relaxation segment of each step of the raw traces with a one-phase 
exponential decay function in GraphPad Prism version 8 (GraphPad 
Software). Viscous force was determined as the difference between 
the peak force and the elastic force value for each step.

After the initial stretch protocol, 10 µM colchicine was added to the 
NT perfusion solution and left to incubate for 90 min before the stretch 
protocol was repeated. Perfusion was stopped for the permeabiliza-
tion of the LV fiber bundle with the sodium-based RS (RS made with 
170 mM Na-propionate in place of 170 mM K-propionate) containing 
0.5% Triton-X 100. The LV fiber bundle was left to permeabilize for at 
least 30 min and then washed two times with standard RS before the 
stretch protocol was repeated. The process was then repeated with a 
30-min incubation with 1 µg µl−1 GLN-40 to sever actin.

Pre-permeabilized LV fiber bundle measurements
Pre-permeabilized LV fiber bundles were isolated from rigor:glyerol 
perfused hearts (dimensions similar to those of the native fibers), and 
ends were secured with suture and vigorously washed in RS on ice. LV 
fiber bundles were attached lengthwise between a piezo motor and a 
force transducer via aluminum clamps (Scientific Instruments). Meas-
urements were performed at room temperature (20–22 °C). Force data 
were recorded at 1,000 Hz. Each LV fiber bundle was initially suspended 
in a bath of RS and then readily transferred to other baths as needed.

LV fiber bundles were measured at slack length (0% strain) and 
then strained by 30% in six incremental stretch–hold steps. In between 
each step, the LV fiber bundle was held isometrically for 10 s to record 
stress relaxation. LV fiber bundles were repeatedly moved through 
this protocol (rest time in-between trials, 10 min) until force traces 
became consistent between trials (2–3 times), and the final run was 
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recorded. Then, the sample was treated with TEVp in RS for 10 min, 
and the stretch–hold protocol was repeated at regular intervals for 
30 min. The final run was recorded, and forces were compared before 
and after treatment. To account for typical force decreases over multi-
ple stretch–hold protocols, these experiments were repeated without 
TEVp incubation, and these data were used as a control baseline. Forces 
were then expressed relative to the mean elastic or viscous force at 25% 
strain before TEVp incubation.

Force measurements on isolated permeabilized cardiomyocytes
Cardiomyocytes were obtained from hearts that were isolated and 
washed in PBS and then flash frozen in liquid nitrogen and stored at 
−80 °C until used. A small piece of tissue was cut from the LV of the 
frozen heart and thawed in RS at 0 °C, mechanically disrupted and then 
permeabilized in RS supplemented with 0.5% Triton X-100 for 8 min 
and subsequently washed three times in RS. Cardiomyocytes were 
mounted between a piezoelectric motor and a force transducer (Aurora 
Scientific, 403A) using shellac dissolved in 70% ethanol (120 mg ml−1) 
on the stage of an Axiovert 135 inverted microscope (Carl Zeiss). Cells 
were then stretched from slack length (0% strain, corresponding to a 
measured sarcomere length of 1.8–1.9 µm) to 20% strain and typically 
held for 7 s. Passive forces were recorded before and after a 10-min 
incubation with TEVp. For actin removal, the cardiomyocytes were 
incubated for 30 min with 1 µg µl−1 of the Ca2+-independent gelsolin 
fragment GLN-40, and then measurements were repeated. Elastic 
and viscous forces were determined as stated above for fiber bundles.

Confocal microscopy sample preparation and imaging
Samples were first dehydrated through a graded ethanol series before 
being embedded in paraffin. Using an RM2235 Leica microtome, sec-
tions of 5–7-mm thickness were prepared. These sections underwent 
rehydration and were treated with peroxidase buffer, and then an 
antigen retrieval process using citrate-EGTA was applied. After washing 
with PBS, the slides were blocked using a solution of 5% BSA and 0.5% 
Triton X-100 for 1 h. They were then exposed to primary antibodies 
at 4 °C overnight, in conjunction with the antibodies detailed in Sup-
plementary Table 3 (all mixed in PBS), which also included secondary 
antibodies. Once stained, the samples were set in Mowiol with an addi-
tion of n-propyl-gallate to prevent bleaching. Analysis was conducted, 
and immunofluorescence images were captured using a Leica SP8 
confocal laser scanning microscope with an HC PL Apo CS2 ×63 NA 1.4 
oil immersion lens. Images were recorded using NIS Elements version 
4.3 software.

Transmission and immuno-electron microscopy
Samples, once fixed, were sectioned longitudinally using a VT 1000S 
Leica vibratome and subsequently washed in PBS twice. For in situ 
visualization of the HaloTag, the samples underwent a blocking process 
with 20% normal goat serum (NGS) for 1 h. They were then treated with 
the HaloTag polyclonal anti-rabbit (Promega, at a 100-fold dilution) in a 
PBS solution enhanced with 2% NGS and left overnight at 4 °C. After this, 
the sections were thoroughly rinsed with PBS three times and exposed 
to the corresponding secondary antibody linked to 1.4 nm Nanogold 
(Nanoprobes) overnight at 4 °C with stirring. After comprehensive 
washing, the sections were post-fixed using 1% glutaraldehyde for a 
brief 10-min period. After rinsing, the HQ Silver kit (Nanoprobes) was 
applied to amplify the visible gold particle (GP) diameter. After OsO4 
application, the samples received a counterstain of uranyl acetate in 
70% ethanol, underwent dehydration and were then set in Durcupan 
resin (Fluka). Resin blocks were crafted, and ultra-thin sections were 
produced using a Leica Ultracut S. These sections were then placed on 
glow-discharge Formvar carbon-coated copper grids. Captured images 
were obtained with a Zeiss LEO 910 electron microscope, which was 
paired with a TRS Sharpeye CCD camera and the provided software 
from Tröndle.

Statistical analysis
Unless specified differently, data are showcased as the average ± s.e.m. 
The term ‘N’ represents biological replicates, meaning individual 
hearts, whereas ‘n’ signifies technical replicates, which could be mul-
tiple evaluations on a single fiber or numerous cardiomyocytes from an 
identical heart. Comprehensive factorial ANOVAs were employed for 
each response parameter, considering main effects such as genotype 
(WT and Hom) and treatment (presence or absence of colchicine, Triton 
X-100, GLN-40 or TEVp treatment). Alternatively, two-sided Student’s 
t-tests were used, pairing them when suitable. If ANOVA model effects 
were found to be significant, subsequent analyses, such as Tukey’s 
honestly significant difference (HSD) or Sidak’s comprehensive com-
parison, were employed to examine differences in group averages. 
The threshold for significance, alpha, was set at 0.05. Assumptions 
related to normal distribution and variance homogeneity were assessed 
with the Shapiro–Wilk normality test, Levene’s variance equality test 
and residual evaluation. If required to satisfy assumptions, a Box-Cox 
transformation was applied to the data. In cases where assumptions 
were not satisfied, a non-parametric approach was adopted, using the 
Kruskal–Wallis test (a non-parametric version of ANOVA) and Dunn’s 
method (for non-parametric multiple comparisons). All analyses were 
performed using GraphPad Prism version 8 software.

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

Data availability
All data pertaining to this work are shown in the text, figures and Sup-
plementary Information.

Code availability
The code used for force data acquisition on the custom-made setup by 
Scientific Instruments is available on GitHub (https://github.com/DrD-
JIng/FiberStretchProgram). The code is customized for this machine 
but not for the specific experiments conducted in this study.
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Extended Data Fig. 1 | Passive forces after 90-min incubation with DMSO. 
(a) Elastic and (b) viscous forces under native conditions followed by a 90-min 
DMSO control incubation. Forces are relative to the elastic and viscous forces 
measured at 20% strain under native conditions. Data expressed as mean ± SEM, 
N = 5, n = 10. N refers to the number of animals used and n refers to the number of 

measurements made for each strain level including the two technical replicates 
measured for each cardiac fiber bundle. No important differences were 
found using a 2-way repeated measures ANOVA followed by a Sidak’s multiple 
comparisons test. Curves fitted with a 2nd order polynomial.
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Extended Data Fig. 2 | Transitioning between different solution compositions 
can contribute to passive forces. The removal of the sarcolemma required 
consideration for the movement between an extracellular (Na+ rich) environment 
to an intracellular environment (K+ rich) and differing Ca2+ conditions. Additional 
care needed to be taken to ensure passive force was not generated through 
the solution transitions alone. Numerous solution transitions were tested to 
determine how to move from the extracellular normal Tyrode’s (NT) solution to 
the intracellular relaxing solution (RS) and stay within the acceptable ±5% passive 
force change limit (dashed lines). Final solution transitions used are marked 
in red, data expressed as mean ± SEM, n is the number of technical replicates 

(n = 3 for solution transitions 1-3 and 3-5, n = 4 for solution transitions 2-5 and 
4-5, n = 5 for solution transitions 1-2, 2-3 and 3-4, and n = 8 for solution transition 
1-5). Solution 1- NT (140 mM NaCl, 0.5 mM MgCl2, 0.33 mM NaH2PO4, 5 mM 
HEPES, 5.5 mM glucose, 5 mM KCl, adjusted to pH 7.4 with NaOH). Solution 2- NT 
with 1 mM EGTA added. Solution 3- Sodium based RS (170 mM Na-Propionate, 
20 mM MOPS, 2.5 mM Mg-Acetate, 5 mM K2EGTA, 2.5 mM ATP, 14.5 mM creatine 
phosphate, 1x working concentration of protease inhibitor cocktail (Promega: 
G6521), pH 7.0 at 0 °C. Solution 4- Sodium based RS with an additional 0.5 % 
Triton X-100. Solution 5- potassium-based RS (170 mM K-Propionate instead of 
Na-Propionate).
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Extended Data Fig. 3 | Confirmation of the TC-Halo cassette distribution and 
complete severing of titin with TEVp. (a) Confocal images of HaloTag labeling 
within mutant titin using anti-HaloTag and anti-α-actinin (secondary antibodies 
were Alexa Cy3-conjugated IgG and Alexa488-conjugated IgG, respectively), 
with associated quantification (right; mean ± SEM, n = 20), in homozygous 
(Hom), heterozygous (Het) and wildtype (Wt) TC-Halo mice. Scale bars, 10 µm. 
(b) Immunoelectron micrographs of anti-HaloTag (secondary antibody was 
nanogold-conjugated IgG) in Hom, Het and Wt TC-Halo mice, with associated 

quantification (right; mean ± SEM, n = 6). Scale bars, 500 nm. (c) Detection of 
the severed titin I-band fragment(s) with the I20-22 antibody and the A-band 
fragment with the MIR antibody, and accompanying PVDF stains (indicating 
protein load). Hom TC-Halo heart was used. Samples from titin gels came from 
N = 3 mice and n = 6 samples were run showing similar results. Significance was 
determined using a 1-way ANOVA followed by Tukey’s multiple comparisons test. 
n is the number of images analyzed.
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Extended Data Fig. 4 | Cold storage of cardiac left ventricular (LV) fiber 
bundles in glycerol removes the sarcolemma and microtubule network. 
LV fiber bundles were pre-permeabilized by storage in a 50:50 rigor:glycerol 
solution at -20 °C for a minimum of 3 months. Sarcolemma stained with wheat 

germ agglutinin (WGA-555), microtubules (MTs) with anti-α-tubulin and titin 
with anti-HaloTag; secondary antibodies were Alexa488-conjugated IgG and 
Alexa 647-conjugated IgG, respectively. Scale bars, 10 µm. Similar findings were 
obtained from N = 3 mice per group from n = 30 images.
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Extended Data Fig. 5 | Viscous passive forces in Wildtype (Wt) cardiac left 
ventricular (LV) fiber bundles. Viscous forces before and after 10-min TEVp 
treatment in Wt (N = 6, n = 9) cardiac LV fiber bundles. Forces relative to an initial 

30% strain before TEVp incubation with the mean of the 25% strain set to 100%. 
Data are mean ± SEM. N is the number of animals used and n is the number of 
cardiac fiber bundles measured. Curves fitted with a 2nd order polynomial.
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Extended Data Fig. 6 | Desmin and titin staining after titin cleavage and  
actin severing. Confocal images of glycerol-stored homozygous (Hom)  
Titin-Cleavage-Halomouse left ventricular fiber bundles untreated (top) and 
treated with TEVp to cleave titin and gelsolin (GLN-40) to sever actin (bottom). 

Anti-desmin and anti-TTN-Z antibodies used; secondary antibodies were 
Alexa488-conjugated IgG and Alexa Cy3-conjugated IgG, respectively.  
Scale bars, 10 µm. Similar findings were obtained from N = 4 mice per group  
from n = 40 images.
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Extended Data Fig. 7 | Actin and titin interdependence for passive viscous 
force contributions in cardiomyocytes. (a) Viscous forces after first actin 
severing and then titin cleavage (N = 5, n = 12) or (b) first titin cleavage then 
actin severing (N = 5, n = 11) in permeabilized Hom cardiomyocytes. (c) Titin 
cleavage relative to the previous actin severing and (d) Actin severing relative to 
the previous titin cleavage (as seen in a and b, respectively). Data expressed as 

mean ± SEM. N is the number of animals and n is the number of cardiomyocytes 
measured. + symbols highlight the treatment of interest at each step. Orange, 
purple and red values are comparable actin, titin and IFs/desmin contributions, 
respectively. Comparisons and significance were determined using a 2-tailed 
Student’s t-test. *indicates a significant difference.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Chemiluminescence on western blots and Coomassie stained gels were recorded using the Image Quant software v7.1 of the ImageQuant LAS 
4000 Imaging System (GE Healthcare).  Stained tissue sections were imaged with NIS Elements Software v4.3 provided with the Nikon DS-Fi2/
DS-U3 camera.  Electron microscopic images were taken with a TRS sharpeye CCD Camera and manufacturer's softwareImageSP v1.2.10.60 
(Troendle, Moorenweis, Germany).  
Passive force measurements of cardiac fibers were performed using custom software (https://github.com/DrDJIng/FiberStretchProgram) on a 
custom-made setup by Scientific Instruments, Heidelberg (Germany). 
Isolated cardiomyocytes and permeabilized fibers measurements were performed using Aurora 600A data acquisition software.

Data analysis Chemiluminescence signal intensity was quantified using the ImageQuant TL software v7.1 (GE Healthcare).Signal intensity for all gel bands 
detected was quantified using either MultiGauge v.3.0 (Fuji) or ImageQuant TL software v7.1 (GE Healthcare). 
Data organization, scientific graphing and statistical analyses were performed using Microsoft Excel (2013) and GraphPad Prism (V8, GraphPad 
Software, Inc, San Diego, CA)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All data supporting the findings of this study are available within the paper, its Supplementary Information or the data set source data file provided.

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or 
other socially relevant 
groupings

N/A

Population characteristics N/A

Recruitment N/A

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No specific sample size calculation was undertaken before experiments. We chose sample size according to standard practice in the field of 
muscle physiology, which suggested that in most cases, n=5-7 animals/group are sufficient for characterization of differences in genotype, 
phenotype, and specific heart or muscle properties (e.g., DOI: 10.1161/CIRCULATIONAHA.106.645499 and DOI: 10.1126/science.aaa5458)

Data exclusions No data was excluded from the analyses.

Replication The number of in vitro experiments and number of biologically independent samples are mentioned in the figure legends. All data shown 
could be reproduced in multiple repeats, as indicated in the figure legends.

Randomization Experiments were not randomized. All samples were tested before and after a treatment (colchicine, TritonX-100, TEVp, gelsolin) and 
measurements from the same sample were compared so no randomization was required.

Blinding Investigators were not blinded. Blinded analysis was not done, because the initial comparisons were done from measurements from the same 
sample before and after treatment preventing any investigator bias from occurring.

Behavioural & social sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional, 
quantitative experimental, mixed-methods case study). 

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic 
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For 
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studies involving existing datasets, please describe the dataset and source.

Sampling strategy Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to 
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a 
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and 
what criteria were used to decide that no further sampling was needed.

Data collection Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper, 
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and 
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample 
cohort.

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the 
rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no 
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if 
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested, 
hierarchical), nature and number of experimental units and replicates.

Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National 
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and 
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets, 
describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size 
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for 
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which 
the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them, 
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to 
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were 
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why 
blinding was not relevant to your study.

Did the study involve field work? Yes No

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in 
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority, 
the date of issue, and any identifying information).
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Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used A complete list containing full information about the antibodies is provided in Supplementary Table 3. For all antibodies, we have 

provided the supplier name, catalog number and working concentration.

Validation Antibodies were previously validated for immunofluroescence, Western blot and/or electron microscopy ourselves or the 
commercial supplier for mouse tissue. Please see the manufacturer's websites for specificity statements.  
Anti-actinin alpha 2, mouse monoclonal_Human cardiomyocytes (Gao et al., 1997; J Biol Chem, 272, 19401-7) 
Anti-HaloTag, rabbit polyclonal_https://www.promega.de/products/protein-detection/primary-and-secondary-antibodies/anti-
halotag-pab/?catNum=G9281 
Anti-titin, TTN5 (I20-22), rabbit polyclonal_(Granzier adn Labeit., 2004;Circ Res, 94, 284-95) 
anti-α-tubulin, mouse monoclonal_https://dshb.biology.uiowa.edu/4A1 
anti-desmin, mouse monoclonal_https://www.agilent.com/en/product/immunohistochemistry/antibodies-controls/primary-
antibodies/desmin-%28concentrate%29-76523 
TTN-I/A (MIR), rabbit polyclonal_Validation in WT mice (Swist et al., 2020; Nat. Commun, 11, 4479). 
Cy3 affinipure goat anti-rabbit IgG, goat polyclonal-IF_https://www.jacksonimmuno.com/catalog/products/111-165-003/Goat-
Rabbit-IgG-HL-Cyanine-Cy3 
Alexa 488 affinipure goat anti-mouse IgG, goat polyclonal_https://www.jacksonimmuno.com/catalog/products/115-546-146 
Alexa 647 affinipure goat anti-rabbit IgG, goat polyclonal_https://www.jacksonimmuno.com/catalog/products/111-606-047 
Anti-rabbit IgG 1.4 nm nanogold, goat polyclonal_https://www.nanoprobes.com/products/Nanogold-Antibody-Conjugates.html#em 
Goat IgG anti-rabbit IgG (H+L chain)-HRP_https://www.origene.com/catalog/antibodies/secondary-antibodies/r1364hrp/rabbit-igg-
hl-chain-goat-polyclonal-antibody

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or 
vertebrate models.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for 
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

Name any commonly misidentified cell lines used in the study and provide a rationale for their use.

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the 
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable, 
export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where 
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Dating methods they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are 
provided.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance 
was required and explain why not.

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

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals TC-Halo mice (Rivas-Pardo et al., 2020; Nat Commun, 11, 1-13) Mus musculus of background strain C57BL/6JRj were used, age 8-16 
weeks, both male and female. Animals were housed in open cages closed with a mesh lid. Mouse housing was subjected to a 12 hour 
day/ night cycle. Temperatures of ~20-23 degrees celsius and humidity of 30-60% we monitored and maintained. Water and food 
was accessible ad libitum.

Wild animals none

Reporting on sex Both male and female mice were used. No sex differences were anticipated for this study based on our previous work on this model, 
so all data from both male and female mice was pooled.

Field-collected samples none

Ethics oversight All animal procedures were approved by the University of Muenster's local animal welfare board (Landesamt für Natur, Umwelt und 
Verbraucherschutz Nordrhein-Westfalen, LAN UV, 81–02.04.2019.A472).

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

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern
Policy information about dual use research of concern

Hazards
Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented 
in the manuscript, pose a threat to:

No Yes

Public health

National security

Crops and/or livestock

Ecosystems

Any other significant area



6

nature portfolio  |  reporting sum
m

ary
April 2023

Experiments of concern

Does the work involve any of these experiments of concern:

No Yes
Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents

Enhance the virulence of a pathogen or render a nonpathogen virulent

Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

Plants
Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 

plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 
was applied.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 
off-target gene editing) were examined.

ChIP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

For "Initial submission" or "Revised version" documents, provide reviewer access links.  For your "Final submission" document, 
provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session 
(e.g. UCSC)

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to 
enable peer review.  Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and 
whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and 
lot number.

Peak calling parameters Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files 
used.

Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community 
repository, provide accession details.
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Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a 
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the 
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell 
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial 
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used 
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across 
subjects).

Acquisition
Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size, 
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI Used Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction, 
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for 
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g. 
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and 
physiological signals (heart rate, respiration).
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Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and 
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether 
ANOVA or factorial designs were used.

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference

(See Eklund et al. 2016)

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation, 
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph, 
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency, 
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation 
metrics.
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