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Abstract

Externally applied forces, such as those generated through skeletal muscle contraction, are
important to embryonic joint formation, and their loss can result in gross morphologic defects
including joint fusion. While the absence of muscle contraction in the developing chick embryo
leads to dissociation of dense connective tissue structures of the knee and ultimately joint fusion,
the central knee joint cavitates whereas the patellofemoral joint does not in murine models lacking
skeletal muscle contraction, suggesting a milder phenotype. These differential results suggest that
muscle contraction may not have as prominent a role in the growth and development of dense
connective tissues of the knee. To explore this question, we investigated the formation of the
menisci, tendon, and ligaments of the developing knee in two murine models that lack muscle
contraction. We found that while the knee joint does cavitate, there were multiple abnormalities
in the menisci, patellar tendon, and cruciate ligaments. The initial cellular condensation of the
menisci was disrupted and dissociation was observed at later embryonic stages. The initial cell
condensation of the tendon and ligaments were less affected than the meniscus, but these tissues
contained cells with hyper-elongated nuclei and displayed diminished growth. Interestingly, lack
of muscle contraction led to the formation of an ectopic ligamentous structure in the anterior
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region of the joint as well. These results indicate that muscle forces are essential for the continued
growth and maturation of these structures during this embryonic period.
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Introduction

Morphology and positioning of the patellar tendon, cruciate ligaments, and menisci are
critical for the load bearing function of the knee. Shape and organization of these fibrous
elements are established during embryonic joint formation, during which time cells are
specified and patterned within the hindlimb cartilage anlagen and emerge as distinct
structures following joint cavitationl=>. Interestingly, key stages of joint development are
coincident with initiation of skeletal muscle contraction, and while the body weight bearing
function of the knee does not become prominent until after birth, embryonic knee joints
experience considerable mechanical perturbations as a result of passive and active (i.e.,
skeletal muscle contraction) fetal movements -11. Postnatally, the magnitude and direction
of forces placed on these tissues (as a result of muscle contraction and weight bearing)

are thought to govern further tissue functional maturation, homeostasis, and degeneration.
However, the precise role of muscle loading during the earliest events of intra-articular
fibrous tissue formation are not fully explored.

Decades of work have established that skeletal muscle contraction is a key regulator of
joint morphogenesis as a wholel2-17, The loss of muscle forces has varied effects on joint
development, depending on the species and joint type. In the chick, induced skeletal muscle
paralysis has been reported to lead to the fusion of the majority of articulating joints and
causes gross morphologic defects within the spine 10.13.14.18 '\wjith a specific focus on the
knee joint, Mikic et al. also demonstrated that abrogation of muscle contraction (through /n
ovo small molecule inhibition) did not block the initial stages of knee meniscus formation,
but did result in eventual dissociation of the meniscus which progressed to joint fusion at
later stages of embryonic growth19. This result was one of the first to demonstrate that
muscle-derived forces are necessary to maintain cellular condensation necessary for knee
meniscus morphogenesis. In addition to work in chick, genetic mouse models have enabled
the investigation of the effects of embryonic muscle contraction on the development of
mammalian joints. In particular, Splotch-delayed (Spad) mice, in which skeletal muscle in
the limbs fails to develop, and Muscle Dysgenesis (/madg) models, in which muscles form
but are non-contractile, display some of the same phenotypes that have been described in
the muscle-paralysis avian models. Yet, several differences between these murine muscle
mutants and avian models have emerged. Most notably, while some articulating joints in the
appendicular skeleton of muscle mutant mice failed to undergo cavitation and fused 1219,

the knee joint showed few overt changes aside from lack of cavitation of the patellofemoral
joint 12.14.20-22,
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This discrepancy in the knee joint phenotypes between chick and mouse studies has

called into question whether muscle contraction is required for knee joint specification

and maturation. However, these conclusions are largely derived from macroscale assessment
of the joint and its overall morphology of the resultant joint. Notably, the knee contains
intra-articular ligamentous and fibrocartilaginous tissues (e.g., cruciate ligaments and the
menisci) that distinguish it from other diarthrodial joints, and previous studies did not query
the role of muscle contraction on the development of these unique tissues at high resolution.
To address this, we used multiaxial cryohistology and high-resolution imaging to rigorously
evaluate the progression of murine knee joint development in muscular dysgenesis (mdg)
and splotch delayed (Spad) mouse lines, with a focus on the dense connective tissues of the
knee joint (Figure 1). We observed striking yet distinct deficits in the embryonic formation
and growth of the menisci and cruciates, along with aberrant tissue formation, demonstrating
that the establishment of these soft tissues in the murine joint is sensitive to the presence of
muscle contraction forces.

All mouse work was done in accordance with European legislation (Directive 2010/63/
EU). Heterozygous Splotch-delayed (Pax3%°4+) males and females were obtained from

the Jackson Laboratory (RRID: IMSR_JAX:000565) and crossed to produce homozygous
Pax3sPd/spd « Spr muscleless embryos 23, The muscular dysgenesis (/mdg) line, in which
skeletal muscle forms but is non-contractile 21, was obtained from E. Zelzer (Weizmann
Institute, Israel). Heterozygous females and males were mated to provide litters containing
madg homozygous embryos. Based on previous work characterizing muscle mutant strain
phenotypes, both heterozygous and wildtype littermates were used as controls in this study
and are referred to as WT 122324, Embryonic hindlimbs were harvested at Theiler Stage
(TS) TS24 (corresponding to E15.5) and TS27 (corresponding to E17.5) from the mdg line,
as well as TS27 samples from the Spdline and stored either in 70% ethanol or embedded
directly in OCT, and stored at —80°C. For each strain and timepoint, 3 animals from multiple
litters were analyzed.

Tissue sectioning:

Samples in ethanol were rehydrated and OCT samples were washed in PBS. Samples were
then fixed in 4% PFA for 2 days at 4°C, transferred to PBS, and shipped on ice from the

UK to University of Pennsylvania. Upon arrival, samples were transferred to 30% sucrose,
maintained at 4°C overnight, and subsequently embedded in OCT. Knee joints were serially
cryo-sectioned in the coronal or sagittal planes using cryofilm 2C (Section-lab Co), at a
thickness of 8um or 20um (Dyment et a/., 2016). Care was taken to ensure proper alignment
of the joint during sectioning such that similar anatomical locations were analyzed and
compared between samples.

Fluorescent tissue staining and imaging:

Film-stabilized 8um tissue sections were fixed to glass slides using chitosan adhesive.
For gross knee morphology, cell quantification, and nuclear shape analysis, sections were
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rehydrated, permeabilized with 0.1% Triton-X (Millipore Sigma, T8787) in PBS for 1hr
and stained with Alexa-Fluor Phalloidin (Invitrogen, Cat#: A12379, A12381) at 1:800

in 1% BSA overnight at 4°C. Samples were counterstained with 1:800 Hoechst 33342

(Life Technologies, H3570) and imaged using the Zeiss Axio Scan.Z1 slide scanner

(20X objective, Colibri 7 LED illumination source). Representative sample sections were
also imaged throughout their depth via Nikon A1R confocal system (10X, 1024x1024px,
1.24pm/pixel (px), 1um step size). For nuclear shape analysis, confocal z-stacks (0.2um step
size) of nuclei (DAPI) were acquired (60X objective, 1024x1024px, 0.04um/px) throughout
the section thickness.

Second harmonic generation (SHG) imaging:

Collagen fibers of unstained 20pm TS27 sagittal sections were visualized via forward scatter
second harmonic generation (SHG) imaging using a Leica SP8 2-Photon Microscope with

a 20X water immersion objective (laser wavelength: 890nm). Z-stacks (1um step size) were
acquired throughout the depth of the tissue. Laser intensity and gain was kept constant
between samples. Full fields of view for tissue sections were first acquired at 0.75X zoom
(1024x1024px, 0.72um/px), after which regions within tissues of interest (patellar tendon,
ACL, etc.) were further imaged at 7X zoom (1024x1024px, 0.07um/px). Maximum intensity
projections of z-stacks are shown.

Image visualization and analysis:

All image processing was performed using Fiji 2°. For representative images, maximum
intensity projections were generated from acquired z-stacks. To determine cellularity of
meniscal condensation in developing knee joints, the polygon selection tool was used to
segment the meniscus boundary and remove any other tissue from the field of view. The
nuclei were then identified via intensity thresholding, watershedding, and masking for each
image. The ‘analyze particles’ function was then used to count cells in each section. Cell
numbers from three sections per animal were counted and the average was reported, with no
two sections adjacent to one another in a series of serial sections, to avoid analysis of the
same cells. 3 biological replicates per genotype and timepoint were analyzed. For nuclear
aspect ratio measurements, individual nuclei of 60X confocal z-stacks were manually
segmented in each z-slice from the adjacent nuclei using the polygon tool. A maximum
intensity projection of an individual nucleus’ z-stack was made, and the nuclear shape was
determined through the ‘analyze particles’ function. The aspect ratio (‘AR’) output metric
is reported in the analysis. Measurements for individual nuclei were pooled between two
biological replicates per tissue with a total of n>50 nuclei. All plotting was done using
custom R scripts and the ‘ggplot2’ package as well as GraphPad Prism software.

Statistical analysis:

For meniscus cell number counts, groups were compared using a two-tailed Student’s t-test
(p<0.05 cut-off). For nuclear elongation measurements, groups were compared by Kruskal
Wallis Test followed by a Dunn Test for pairwise comparisons (Bonferroni p-adjustment
method, p<0.05 cut-off).
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Results

Loss of muscle contraction reduces meniscus size and persistence

We first evaluated both the medial and lateral menisci in the mag mouse line, which
develops with non-contractile skeletal muscle. At TS24 (E15.5), the knee joint was cavitated
in both control and mdg mutant samples, apart from the patellofemoral joint that did not
cavitate (Figure S1), as previously reported 20. These findings confirmed that, unlike many
articulating joints, knee joint cavitation still occurs in the absence of muscle contraction220,
However, a closer examination at the forming knee menisci revealed that, while wild-type
(WT) embryos contained wedge-shaped cellular condensates in areas corresponding to the
medial and lateral menisci, the size of these condensates in /madg samples was reduced

with a corresponding reduction in cell number (Figure 2b, c). These smaller condensates
were not due to smaller joint sizes overall, as the width of the tibial plateau was not
significantly different in the madg mice compared to WT littermates (Figure 2d). With further
developmental progression at TS27, WT menisci continued to organize and compact, with
distinct cell-rich structures clearly visible. At this same time point, madg mutant littermates
exhibited signs of dissociation, with marked reduction in cell number within the presumptive
meniscal region and oftentimes a lack of a clear tissue boundary (Figure 2b, c).

Interestingly, deficits in meniscus condensation in the absence of muscle contraction

varied depending on anterior-to-posterior location. In the anterior horn, the meniscus was
completely dissociated by TS27, and no fibrous insertion to the tibial plateau was detected
(Figure 2e, Figure S2). Conversely, the posterior horns were fully formed and attached

to the tibial plateau through fibrous insertions, although they were visibly diminished in
size. Finally, we also observed a loss of curvature of both the femoral and tibial surfaces

in muscle mutant knees (Figure 3), which was noted previously 1719, This flattening of

the surfaces is reminiscent of a meniscus deficient knee in humans 28, Taken together,
differences in meniscus formation within the madg knee joints was discernable at the time of
joint cavitation (TS24) and became progressively worse with further development (TS27).
These findings (location-dependent differences in meniscus condensation deficits, femoral/
tibial flattening) were also present in the TS27 joints of Spd mice, a mutant strain that
completely lacks skeletal muscle in the limb (Figure 3).

Loss of muscle contraction results in patellar tendon and cruciate ligament abnormalities
and the emergence of an ectopic ligamentous tissue.

Given the marked changes in meniscus condensation in muscle mutants, we also evaluated
changes in the cruciate ligaments (ACL and PCL) and the patellar tendon (PT) of these
animals. Muscle contraction did not have an impact on the anatomical positioning of the
ACL, PCL, or PT, except for the previously reported fusion of the patella to the femur 20.
Each tissue contained linear arrays of cells with fibrillar actin organization in both WT and
madg joints at TS24 (Figure 4a,b). Surprisingly, TS24 mdjg joints also contained an additional
ligamentous structure, attached to the femur and tibia in the anterior compartment between
the PT and the anterior insertions of the ACL and PCL (Figure 4a, yellow arrowhead). This
structure, which was observed in all mutant samples, appeared to be an ectopic ligament-like
tissue, as it exhibited similar cellular patterning as the endogenous fibrous structures (Figure
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4b). Although ligamentous tissues of TS24 madjg joints seemed to have proper positioning
(PT and cruciates) and alignment (PT, cruciates, ectopic ligament), resident cells of these
tissues had abnormally shaped and hyper-elongated nuclei (as measured by nuclear aspect
ratio, NAR) (Figure 4c,d).

In addition to the apparent dissociation of the anterior region of the medial meniscus in

the mag limbs at TS27, the PT, cruciates, and the ectopic ligament-like structure were still
present but displayed abnormalities in tissue structure and cell morphology (Figure 5a).
The difference in nuclear elongation between cells of WT and madjg tissues was not as
marked at this later developmental time point, as highlighted by NAR measurements within
the TS27 PT and ectopic ligamentous tissue. However, mutant tissues continued to have a
subpopulation of resident cells with abnormally elongated nuclei (Figure 5b, Figure S3).

Though the PT and cruciates appeared reduced in size by TS27, all mutant tissues contained
aligned fibrillar collagen and organized attachments to the adjoining cartilage (Figure 5c,
Figure S4a). However, SHG signal intensity and density were reduced in the mutants.
Importantly, all changes noted in the ligamentous tissue of madg mutants, including the
formation of the ectopic ligamentous tissue, were similar in the Spd mutant mice at TS27
(Figure S4b,c). The fact that knee joint fibrous tissue changes were consistent between

two independent mouse lines that lack skeletal muscle contraction suggest that exogenous
mechanical forces play a role in the continued growth and maturation of these knee joint
tissues.

Discussion

This work demonstrates the impact of muscle contraction on developing murine knee joint
fibrous tissues, providing further evidence for regulation of fibrous tissue morphogenesis
by extrinsic mechanical forces. In the meniscus, loss of muscle forces in madg mutants
resulted in cellular condensations that were significantly diminished at the joint cavitation
stage (TS24). While this provides evidence that muscle contraction is critical for normal
meniscus tissue formation, it is unclear whether this is a result of impaired initiation

of cellular condensation and patterning, or if this is indicative of progressive failure

to maintain the condensed state in the absence of external mechanical stimuli, or both
(Figure 6a). The continued reduction in size of meniscal condensates by TS27 indicates the
importance of muscle contraction to tissue growth and maturation (Figure 2, Figure S2),
but additional biochemical and molecular analyses specifically investigating the mechanisms
for this reduced growth are needed. Additionally, progressive loss of meniscus structures
was coincident with flattening of the femoral and tibial surfaces (Figure 3). Strikingly,
such changes often occur in humans as a consequence of meniscectomy (i.e., Fairbank’s
changes) and indicate aberrant joint remodeling in response to meniscus insufficiency 2627,
These parallels suggest that, in both embryonic as well as mature tissues, the curvature of
the articulating surfaces depends on the integrity of the meniscus structure, underscoring
the reciprocity between adjacent tissues in establishing the proper shape critical to their
function.
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As previously reported (and unlike other joints), we confirm here that muscle contraction
forces are not required for knee joint cavitation, except for the patellofemoral joint 12:17.20,
However, these cues are instrumental in the proper formation of the intra-articular fibrous
structures that distinguish the knee joint from its diarthrodial counterparts. Importantly,
meniscus dissociation following knee joint cavitation in mdg and Spd skeletal muscle mouse
mutant strains phenocopied what is seen during pharmacologic paralysis of embryonic
chick muscles in ovo 10, This confirms the integral role of muscle contraction forces

in development in both the murine and avian models. It should be noted, however, that
discrepancies between the two models do exist. For example, while numerous /in ovo
paralysis studies have shown progressive fusion of the knee joint following meniscus
dissociation, mdg and Spd knees remained fully cavitated even at TS27, when the meniscus
structures were almost completely gone 28-35, It is intriguing to consider to what extent

the variation in phenotypes observed in avian and mouse models of embryonic muscle
contraction perturbation is due to the differences between the /n ovo (external) versus in
utero (internal) developmental environment. Our findings in a mammalian system not only
confirm the critical role of muscle forces for /n utero meniscus development, but also build
upon existing literature in chick by showing that the loss of the meniscus is asymmetric.
Analysis of serial cryosections demonstrated that an absence of muscle contraction resulted
in a more severe phenotype in the anterior aspects of the joint (Figure 3, Figure S2).

This suggests that factors that direct or support meniscus morphogenesis may vary based
on anterior-to-posterior location. It is possible that passive embryonic motion, or a higher
degree of impingement due to knee flexion in utero 38, provide sufficient physical cues that
partially mitigate the impact of the loss of muscle generated forces in the posterior, but not
anterior, segment of the joint space. Moreover, in addition to the absence of the anterior
meniscal horn, we noted the lack of the associated ligamentous insertion of the meniscus
anterior horn into the tibial plateau in muscle mutants. This lack of meniscal attachment
suggests that, at the critical time of meniscus formation and early growth (TS24-TS27),
mutant tissues fail to form important boundary constraints that may further contribute to
some of the observed changes in menisci from these mutant mice.

Examination of the patellar tendon (PT) and cruciate ligaments of the knee also revealed
that loss of muscle contraction caused a disruption in the development of these intra-
articular structures (Figure 6b). Specifically, the initial assembly and alignment of cells
into linear arrays was not significantly impacted by the lack of muscle contraction (Figure
4). These cells also generated a nascent fibrillar collagen network by TS27, albeit reduced
in size compared to littermate control tissues (Figure 5, Figure S4). However, cell nuclei
within TS24 mdg PT and ACL tissues (Figure 4d) were hyper elongated compared to

WT littermates. Such elongation could arise due to increased resident cell contractility
(deformation through cytoskeletal tension and nuclear engagement) or via a heightened level
of tissue pre-stress (extrinsic tensioning of the aligned cell mass) due to the lack of certain
cues typically provided by joint motion. The notable cellular hyper-elongation may thus
suggest that a requirement for the proper patterning of knee joint tendons and ligaments is
achieving a certain tension threshold that, in embryos with functional muscle, is achieved
through a balance of cell generated forces and external forces from muscle contraction.
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This concept of reciprocity between cell-generated and extrinsic mechanical forces is
supported by /n vitro studies showing that cells within fibrous tissues can sense both
increases and decreases in externally applied tension. For instance, when a sharp drop

in tension occurs, cells activate a catabolic program resulting in matrix remodeling 3738

and in certain cases can activate their non-muscle myosin mediated contractile machinery

to correct the overall tension back to homeostatic levels 3. Similarly, in cell constructs,
changes in external tension are sensed, and coordinately contracted against, by the collective
cell population 40. Thus, loss of muscle contraction could cause a decrease in nascent
tension that the patterned cells attempt to correct by collectively contracting—Ieading to the
observed hyper-elongated state (Figure 4). Furthermore, /n vitro models of cell-rich linear
constructs grown in the presence of boundary constraints demonstrate that an imbalance

in stiffness of the extracellular matrix with the active contractility of resident cells can

result in ‘necking’ of the cell-matrix material, leading to tissue failure through narrowing
and elongation 41. While we did not observe fully failed tissues in the joints, tendons and
ligaments in both madg and Spd mutants appeared greatly reduced in size by the later stage of
development, and the matrix was not as dense or abundant (as observed by SHG) compared
to littermate controls (Figure 5, Figure S4). Thus, in a scenario where muscle forces are
absent, cells may be able to sense the improper tensioning and attempt to compensate
through hypercontractility—subsequently leading to cell shearing and microdamage of the
nascent matrix (Figure 6b).

Unexpectedly, we observed the formation of an ectopic ligamentous structure within the
anterior portion of the joint capsule, attached to both the femur and tibia anterior to the
cruciate attachments in both mdg and Spd'lines (Figure 3). This tissue appeared to pattern
and grow much like the endogenous knee ligaments — via initial assembly and elongation

of the resident cells into a linear shape, followed by the appearance of linearly aligned
fibrillar collagen matrix (Figure 4a,b; Figure 5a,c). While this structure anatomically appears
ligament-like, future studies are needed to determine if the cells within this structure express
ligamentous markers. Though it is unclear what cell sources contribute to this aberrant tissue
condensation, the robust formation of a knee ectopic ligamentous structure in the absence of
muscle contraction (observed in all mdgand Spdanimals used in this study) suggests that
extrinsic physical cues may dictate cell fate decisions of certain knee tissues.

While this study indicates a critical role for muscle loading in knee joint growth and
development, it did have limitations. The sample size and age groups were limited given
that specimens came from a previous study focused on the spine of these mice 42 and so
additional samples at other developmental states were not available at the time this work
was being performed. However, we are currently expanding this line in our colony again
and future studies will investigate the specific biomolecular mechanisms that led to the
observed phenotypes, including additional time points and analyses (e.g., gene expression,
immunofluorescence for matrix compaosition, apoptosis staining, and catabolic enzyme
activity assays). Earlier time points (e.g., TS22/E13.5) are also needed to determine how
the initial formation of these tissues might be impacted in the absence of muscle loading,
which would elucidate the importance of muscle loading compared to other biophysical
(e.g., passive tension) or biochemical cues 43.
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Taken together, our results demonstrate that muscle contraction is critical for the continued
growth and maintenance of all dense connective tissues in the knee joint. Why muscle
contraction has a more prominent role in certain tissues, and regions within tissues,
compared to others is unknown. These structures all originate from a common cell

origin (i.e., the interzone) 444°, However, the onset and duration of certain morphogens
(e.g., GDF5) contribute to differentiation of tissue-specific cell types within the knee

joint 4546, The timing and persistence of these molecular factors, some of which are
mechanoresponsive, is clearly critical for the development and maintenance of these dense
connective tissues 364748 Given the differences in knee joint fibrous tissue formation in
the absence of muscle forces, our work indicates that, in addition to cell origin, changing
bioavailability of growth and differentiation factors, and variance in gene expression
dynamics, extrinsic physical cues contribute to the continued development of distinct tissue
types of the knee. Explicating how these cells spatially and temporally integrate both
molecular and mechanical inputs to drive tissue formation and maturation may reveal new
insights into how these unique tissues form, fail, and ultimately direct new approaches for
their repair.

Supplementary Material
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Study workflow. To assess how the muscle forces impact the formation of the fibrous
intra-articular tissues of the knee joint, hindlimbs were collected from wildtype (WT)

and mutant (mdg) littermates from the Muscular Dysgenesis (/mag) mouse strain, wherein
mutant animals develop with non-contractile skeletal muscle due to a mutation in the
calcium ion channel (Cacnals gene) that causes a failure in excitation-contraction coupling.
Collection was done at TS24 (roughly corresponding to embryonic day E15.5 — the point
of knee cavitation) and TS27 (approximately E17.5, a later stage of development in which
the embryonic knee is fully formed). Additionally, for the later TS27 embryonic stage,
hindlimbs from litters of the Splotch-delayed (Spd) mouse strain (WT and mutant), in
which mutant embryos develop without any skeletal muscle, were also analyzed to compare
knee joint phenotypes in two distinct mutant strains that lack joint motion from muscle
contraction. Hindlimbs of all animals were serially cryosectioned in anatomical planes in
which knee joint tissues of interest (meniscus, ACL, and patellar tendon) could be most
robustly visualized. Cryosections were then stained, imaged via high-resolution microscopy,
and tissue cellularity, nuclear shape, and fibrillar collagen content were analyzed (see

methods).
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Figure 2: Alterationsin meniscus mor phogenesisin the absence of muscle contraction.
a) Schematic of the coronal (frontal) sections used to analyze the horn and body regions

of the medial menisci in b-d. b) Representative nuclear (DAPI) stained coronal sections
showing cell condensation in the meniscus body region of the developing knee at TS24
(knee joint cavitation timepoint corresponding to ~E15.5) and TS27 (~E17.5) in the
muscular dysgenesis mouse (/mdg) mouse model. Yellow dotted lines outline wedge-shaped
cellular masses indicating meniscus formation in WT control and mag mutant littermate
joints (scale bar: 50um). Adjacent plots show average cell number in condensates at
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respective timepoints. Mean and SEM shown (n=3 animals/group). Statistical comparison
by two-tailed t-test. *: p<0.05; **: p<0.01; ***: p<0.001. c) Quantification of cross sectional
area of the body region of the medial meniscus wedge as well as the cross-sectional width
of the proximal tibial head (d) of WT and madg mutant tissues at TS24 and TS27. Statistical
comparison of tissues at each timepoint by two-tailed t-test (*: p<0.05, ns: not significant).
e) Representative coronal sections of the anterior medial meniscus horn (left) and the
posterior horn (right) of the same meniscus in WT and madg TS27 (E17.5) knee joints
labeled with a nuclear stain (magenta). Yellow outlines demarcate the meniscus wedge.
Note the absence of a distinct wedge-shaped condensate in the anterior horn region (empty
arrowhead) compared to the condensed posterior horn wedge (white arrowhead) in the madg
mutant (scale bar: 50um).
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Figure 3:
Representative sagittal sections of WT (left) and either mdg or Spd mutants (right) at TS24

(E15.5) or TS27 (E17.5) stained for cell nuclei (magenta) and filamentous actin (green). Spd
mutants lack all skeletal muscle due to a mutation in Pax3, resulting in hindered skeletal
muscle development. Yellow arrows in mutant tissues highlight flattening of the femoral
condyle and tibial plateau. Yellow outlines demarcate anterior and posterior horn wedges in
the TS27 knee joints of littermates with control genotypes. Note the reduced posterior horn
(yellow outline) and an absence of the anterior horn wedge in both the TS27 madg and Spd
mutants (scale bar: 100um).
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_Fi_gure 4: Abnormalitiesin fibroustissue patterning and cell morphology in TS24 mdg knee
oints.
JA) Representative sagittal views of TS24 (E15.5) WT and mdjg knee joints in the region
of the cruciate ligaments and the patellar tendon, as demarcated in the schematic. PT:
patellar tendon, ACL/PCL.: anterior cruciate ligament/posterior cruciate ligament. Sections
were stained with phalloidin (actin, green) and a nuclear counterstain (magenta). Yellow
arrowhead points to ectopic ligament condensation (Ect. Lig.) in the anterior part of the
joint with femoral and tibial attachments (scale bar: 100um). b) High magnification views
of regions demarcated by red and yellow boxes in a) (scale bar: 20pum). ¢) Representative
confocal maximum projections of nuclei of resident cells of the patellar tendon, ACL, and
ectopic ligament (scale bar: 5um). d) Nuclear aspect ratio (NAR), calculated as the ratio
of long to short axis of individual segmented nuclei as a metric of nuclear elongation in
WT and madg cells of PT, ACL, and ectopic ligaments (in madg mutant knees). n>50 cells
per group, taken from 2 biological replicates (mean of each replicate indicated by black
symbol). Kruskal-Wallis with Dunn’s Test for pairwise comparison, ***: p<0.0001.
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Figure 5: Abnormal nuclear and matrix structure of fibroustissuesin TS27 mdg knees.
A) Representative sagittal views of TS27 (E17.5) WT and madg knee joints in the region of

the ACL and the patellar tendon (PT). Sections were stained with phalloidin for actin (green)
and a nuclear counterstain (magenta). Yellow arrowhead points to the ectopic ligament (Ect.
Lig.). Red and yellow boxes denote regions imaged in c) (scale bar: 100um). b) Nuclear
aspect ratio (NAR) of resident cells in TS27 WT and mdjg tissues: n>50 nuclei per group
taken from 2 biological replicates (mean of each replicate indicated by black symbol).
Kruskal-Wallis with Dunn’s test for multiple comparisons. **: p<0.001; ***: p<0.0001. c)
High magnification confocal maximum projections of actin and nuclei (top) or SHG signal
(bottom) for WT and mag tissues of the PT, ACL, and ectopic ligament (/mdlg mutant only)
(scale bar: 20pum for top images, 10um for bottom (SHG) images).
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Figure 6: Impact of immobilization on kneejoint fibrous tissue mor phogenesis.
a) During meniscus formation, muscle loading plays a crucial role in maintaining cell

condensation and permitting cell patterning. Without muscle contraction, condensation of
meniscus precursor interzone cells is incomplete by the time of joint cavitation (TS24),
and the formed cell mass fails to maintain a condensed state during subsequent growth,
leading to dissociation of the tissue (TS27). b) For linear fibrous tissues of the knee
(tendons and ligaments), loss of muscle loading does not generally impact the specification
of these structures, except for the formation of the ectopic ligamentous tissue. However,
lack of muscle contraction causes abnormal elongation of cells at the time of tissue
formation (TS24), possibly indicating hypercontraction as an attempt to return to tensional
homeostasis. This culminates in reduced tissue growth at later stages (TS27), which may
be the result in tissue shredding due to concurrent increase of cell-generated forces and
diminished material properties of the deposited extracellular material within the nascent
tissue.
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