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Abstract

It is increasingly clear that mechanotransduction pathways play important
roles in regulating fundamental cellular functions. Of the basic mechanical
functions, the determination of cellular morphology is critical. Cells typically
use many mechanosensitive steps and different cell states to achieve a polar-
ized shape through repeated testing of the microenvironment. Indeed, mor-
phology is determined by the microenvironment through periodic activation
of motility, mechanotesting, and mechanoresponse functions by hormones,
internal clocks, and receptor tyrosine kinases. Patterned substrates and con-
trolled environments with defined rigidities limit the range of cell behavior
and influence cell state decisions and are thus very useful for studying these
steps. The recently defined rigidity sensing process provides a good example
of how cells repeatedly test their microenvironment and is also linked to
cancer. In general, aberrant extracellular matrix mechanosensing is associ-
ated with numerous conditions, including cardiovascular disease, aging, and
fibrosis, that correlate with changes in tissue morphology and matrix com-
position. Hence, detailed descriptions of the steps involved in sensing and
responding to the microenvironment are needed to better understand both
the mechanisms of tissue homeostasis and the pathomechanisms of human
disease.
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1. INTRODUCTION

1.1. Cell Form and Function

For proper function of most mammalian organisms, the cells should initially create the proper
form during development and then maintain their proper morphology through normal events,
despite the fact that the cell components are dynamic and the system is subjected to a variety
of external stresses. Once an organ is formed during development, the morphology is primarily
maintained by the extracellular matrix (ECM) that also guides neighboring cells. This idea is
strongly supported by the finding that growing stem cells in decellularized matrices of organs will
enable regeneration of the organs to a significant extent (1, 2).

The important parameters of the microenvironment that shape cells and ultimately create tis-
sue morphology are rigidity, architecture, and composition (both of the ECM and of neighboring
cells) (see the sidebar titled Mechanosensitive Cell Responses). It remains unknown how during
development of the organs individual cells maintain the proper tension and morphology over time,
as the cytoskeletal proteins are constantly being remodeled and matrices are quite malleable. A way
to start to understand the dynamic interplay between cells and their environment during devel-
opment of tissue morphology is to continuously follow cells as they establish their morphology in
different defined environments through changes in actin dynamics and myosin contractility in ac-
cordance with their initial state (3–5). From the sequence of biomechanical and biochemical events
that occur, a more complete understanding of the important processes in tissue morphogenesis may
emerge. In this review, we consider the early steps that cells undergo in binding to matrix-coated
surfaces of different rigidities and morphologies. In general, active cell processes test the environ-
ment and respond by activating cytoskeletal motility processes that progressively lead the cell to a
proper state for its environment. On longer timescales, it is difficult to trace the steps that the cells
use or the states that they experience as they transition to new behaviors in the developmental or
regenerative context (6–8). To encourage further definition of the many steps in determining the
final morphology, we consider a few examples of the initial steps and then the current fragmentary
evidence of how those steps may be involved in later cell behaviors, including in disease states.

1.2. Morphology During Development, Homeostasis, and Repair

To introduce the general problem of morphology determination in cells of tissues, we discuss
the important steps in cell mechanical processes that underlie the transition of a cell from one

MECHANOSENSITIVE CELL RESPONSES

ECM mechanical cues affect most fundamental cellular processes. These effects are transmitted over varying
timescales and involve activation or inhibition of signaling pathways, as well as control over gene expression.
Many of these effects involve changes in cell morphology, which are closely linked to cellular functions. For in-
stance, differentiation of mesenchymal stem cells into an osteogenic lineage involves a high cellular aspect ratio and
high cellular contractility (115), both of which are induced by stiff matrices (35). In contrast, lower polarization and
decreased forces (both induced by low rigidity) favor an adipogenic outcome (115). Regulation of cell morphology
is largely dependent upon Rho GTPases, which activate actomyosin contractility through Rho-associated protein
kinase and myosin light chain kinase, and are recruited to the cell edge and activated there downstream of the
FAK/Src pathway. Cell contractility and shape are also part of cellular decisions to grow or die. Differentiated cells
that are plated on very soft matrices typically do not proliferate and eventually activate apoptosis. The mechanism
that activates these pathways is not clear, but it seems to involve death-associated protein kinase (DAPK), which is
known to phosphorylate myosin and tropomyosin, both major components of the mechanosensing machinery.
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Lamellipodia: broad,
flat extensions of the
plasma membrane
commonly used by
fibroblasts to reach
new areas of
surrounding surfaces

shape to another. First, it is useful to introduce the concept of standard cellular and subcellular
motile functions that are the tools used by cells to change their shape, such as the extension
of lamellipodia, apical contractions in epithelia, and rigidity sensing contractions. These motile
functions are activated by a variety of environmental and cell-derived signals (e.g., hormones,
tugs on cells, and cellular clocks) (see Figure 1), and they will naturally enable the cell to test
mechanical aspects of the environment. Because the cycle of activation, movement, testing, and
response commonly takes only a few minutes, many such cycles will typically occur in cells after
hours, much less days. As a result of multiple activation, motility, testing, and response events,
cells will assume a quasi-equilibrium morphology, tension, and area, which are in turn linked to

Activation

Mechanotesting

Mechanoresponse
Effectors

Hormones

Mechanical

Actomyosin
assembly

Small G
proteins

Kinases

Rigidity testing

Shape

Forces

Adhesion
maturation

Cytoskeleton network
maturation and force

Ras Rho

Rap

Internal

Figure 1
This diagram shows the basic cycles that underlie the shaping of cells and tissues. In most cases, intrinsic
signals in cells activate motility processes, involving small G proteins, kinases, and actomyosin that change
cell morphology or tug on neighboring cells to enable tests of the mechanical environment. The outcomes of
those tests will cause cellular responses that can alter but often maintain the cell morphology. Although there
is considerable variability in the duration of such cycles, the typical times are approximately 10 min for the
complete cycle, meaning that many cycles will occur during a normal experimental period.
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cAMP signaling:
heterotrimeric G
proteins activated by
G protein–coupled
receptors (GPCRs)
that activate adenylyl
cyclase to produce the
second messenger,
cAMP

cell functional states. This includes the most fundamental states of cells, such as proliferation,
death, migration, and differentiation (9, 10).

Much of our knowledge about the effects of cell morphologies on functional states comes
from studies involving controlled adhesive environments to regulate cell size and shape. These
studies date back 40 years (11) and began with the notion that anchorage-dependent cells behave
differently on different matrices that either do or do not allow their proliferation. More con-
trolled studies using defined adhesive islands showed a direct correlation between cell area and
proliferation (12, 13) and an inverse correlation between cell area and apoptosis (12). The same
approach was also used in numerous studies to analyze the effects of cell shape and size on stem
cell differentiation; those showed various outcomes depending on the type of cells, patterns, and
growth media that were used (13–15). Even more subtle effects can be observed in the functions
of specific cell types; for example, micropatterning of surfaces to force macrophages into round
versus elongated shapes can drive macrophage cells toward the M1 versus M2 phenotypes, respec-
tively (16). Cell orientation was also shown to affect the orientation of the cell division axis (17)
and cell–cell junction positioning (18). More recently, it was shown that gene expression profiles
of cells grown on triangular matrices versus circular matrices of the same area are dramatically
different after only 4 h (19). The adhesion area and force on adhesions can explain many of the
differences because the level of force and the adhesion area are critical factors in determining
the signals from the adhesions (20). Indeed, inhibition of actomyosin contractility can abrogate
the effects of the micropatterned cell shapes on their function (15, 16). Such morphological fac-
tors have also been implemented as part of models developed to predict traction forces, largely
based upon stress fibers (21). At a more mechanistic level, there is evidence that highly pointed
or elongated portions of cells with a high membrane area to volume ratio can produce dramatic
differences in cAMP signaling. Because adenylyl cyclase that forms cAMP is a membrane enzyme,
and the cAMP phosphodiesterase is a cytoplasmic enzyme, a high membrane to cytoplasm ratio
in such regions will result in high concentrations of cAMP (22). More recent studies have focused
on the theoretical basis of matrix shape–dependent effects on signaling pathways, as several path-
ways, including PIP2 and PIP3 synthesis and degradation, have both membrane and cytoplasmic
components (23). These (and numerous other) observations indicate that the matrix pattern is a
major factor in determining the development of cell state, which raises the question of how matrix
morphology is translated into a cellular functional state.

1.3. Cell-Matrix Mechanotransduction and Morphology

One of the most important sources of environmental signals is the rigidity of the ECM, which can
affect major cellular behaviors, including migration (24), proliferation (25), differentiation (26),
gene expression (27), apoptotis (28), and epithelial-to-mesenchymal transition (EMT) (29). With
normal cells, these processes are part of the maintenance and repair in tissues; however, patho-
logical changes of ECM stiffness or, conversely, improper cellular responses to matrix stiffness,
can lead to malignancies (30–32). As such, of the many mechanical factors that cells will respond
to while establishing their proper role in a tissue, the property of matrix rigidity has received the
most attention.

When interacting with a two-dimensional matrix of particular rigidity, a cell will form a defined
morphology as the result of many decisions that are made as repeated testing and response events
are activated by the cell. Over the last several years, it has emerged that rigidity sensing often
involves the periodic formation and breakdown of a standard sensory module that is normally
built at the edges of cells for approximately one minute to determine whether or not the matrix
is rigid and then to develop the appropriate signals (32). The sensing process itself is mediated
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INTEGRIN-MATRIX ADHESIONS

ECM mechanosensing relies upon integrin-based adhesions, which are dynamic multimolecular assemblies with
transmembrane integrins at their core (116). Integrins are present at the cell surface as heterodimers of alpha and beta
chains. There are 18 alpha isoforms and 8 beta isoforms in mammals that assemble into 24 known different dimers.
The formation of adhesions begins when integrins are activated, either through an outside-in mechanism (binding
the ECM at the integrin extracellular domain) or inside-out mechanism (integrin activation through binding of
proteins such as talin or kindlin to their cytoplasmic tails). This triggers the recruitment of cytoplasmic proteins to
the integrin tail to form the adhesion plaque, which consists of both signaling molecules such as FAK and Src as
well as adapter proteins that mediate the connection between integrins and actin. This latter connection is critical
for cellular responses to mechanical cues, as mechanosensing involves cytoskeletal-based forces that are transmitted
to the matrix through the adhesions. More than 200 different proteins are associated with integrin adhesions, with
each molecule having on average 8–10 different potential binding partners (100). This complexity is manifested in
the kinetics and regulation of responses of adhesions to different biochemical and mechanical cues (117, 118).

by transmembrane integrin molecules that bind the ECM at their extracellular side, and the
actin cytoskeleton, via adapter proteins, at their intracellular side (see sidebar titled Integrin-
Matrix Adhesions). Mechanosensing requires the application of force through the actomyosin
contractions of the integrin adhesions on the newly attached matrix (4). In response to the applied
forces and to resistance of the matrix, the adhesions alter their size, strength, and dynamics (33–37).
This results in larger adhesions on rigid matrices and more force-dependent signaling (see more
below). The formation of strong adhesions will enable the activation of additional lamellipodial
extension and retraction (38) and the next round of mechanosensing of matrix rigidity.

Thus, a repeated pattern of cell edge activity, adhesion formation, and matrix testing occurs
over time and space that eventually will determine the final cell morphology when it reaches
steady state. Patterns of adhesions can be controlled by the shape and density of matrix sites, and
modeling of the forces from the actin flow at the cell edge can explain some of the patterns that
arise (39, 40). Nevertheless, there is a major gap between our understanding of the elementary
sensing processes and the signals that they produce in terms of the molecules regulating actin and
myosin dynamics as well as nuclear expression profiles. Further, most assays of cell morphology
changes with mutations or drugs involve measurements of cell shape and size only after hours of
spreading, wherein countless cycles of pulling and signal generation have occurred during that
time. In reviewing this situation, we first describe the relatively simple process of spreading on
fibronectin and then move to more complex systems, such as cell stretching or cell motility, where
the number of molecular steps between the mechanosensors and the morphology changes is even
greater. In all cases, virtually continuous observation of the forces and shape changes as well as the
critical molecular players is needed to gain an understanding of how morphology is determined
at a quasi-equilibrium time period of days.

2. CELL SPREADING ON FIBRONECTIN

2.1. From Initial Attachment to Mechanosensing

As an example of a reasonably well-understood shape change, we consider the simple morpho-
logical change from a cell in suspension to a full spread cell on a fibronectin-coated surface.
The process is highly reproducible in many different cell lines, which makes it relatively easy to
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Podosome:
cylindrical bundles of
actin filaments formed
by Arp2/3 activation
and actin
polymerization to
exert a downward
force on the
membrane

SRC family kinases:
nonreceptor tyrosine
kinases that commonly
associate with matrix
adhesions and affect
adhesion function both
mechanically and
biochemically

study. However, new aspects of the process continue to be found that highlight important steps in
mechanosensing and belie a very complex process (Figure 2). Each one of these steps that is part
of the mechanotransduction process involves the actin cytoskeleton, and many involve myosin
contractility, but they share little else in terms of common themes or common transduction path-
ways. Further, as a cell goes from suspension to a polarized, spread state, it transitions through
over four different states where distinct motility behaviors occur (41, 42).

As a cell in suspension initially interacts with the fibronectin-coated surface, nascent integrin
clusters are formed in a myosin-independent but talin-dependent manner (43) (Figure 2, A1).
Then, actin begins to polymerize from these clusters through a pathway involving integrin acti-
vation of Src and recruitment and activation of the formin FHOD1 (44, 44a) (Figure 2, A2). If
myosin pulls on the actin filaments anchored to the integrin clusters and develops a significant
force, then RAC-dependent actin polymerization occurs [possibly through a guanine-nucleotide-
exchange factor (GEF) that is mechanically activated]. However, if inadequate force is produced
[for example, in cases where ligands for the integrins are in fluid lipid bilayers and therefore cannot
resist the force (44)], then spreading will not be activated, and cells will develop podosomes (45)
before transitioning to apoptosis (Figure 2, B1–B4). In some cells on stiff matrices, actin polymer-
ization is extensive, the cell spreads isotropically until it runs out of excess membrane, and tension
in the membrane spikes briefly (46) (Figure 2, C1–C2). This leads to rapid activation of myosin
contraction and membrane exocytosis, causing the cells to transition to a slower spreading phase
(46, 47). In this phase, the spreading is based on actin polymerization at the cell edge, which pushes
the cell edge outward while myosin pulls actin filaments toward the cell center, resulting in radial
actin flow (48) and radial traction forces (49). This is part of the repeated protrusion-retraction
cycles, which lead to an approximately 40% increase in plasma membrane area [notably, these
cycles are also observed during cell migration (50)].

During the protrusion-retraction cycles, as the cell edge extends to new matrix areas, nascent
adhesions of ∼100 nm in diameter with ∼50 integrin molecules are formed (51). Then, contrac-
tile actomyosin units of approximately 2 μm in length pull locally on those adhesions for about
1 min (32, 52). These contractions correlate with rigidity sensing, and altering them changes
cells’ responses to matrix rigidity (32, 49, 52–54) (Figure 2, C3). Over at least a tenfold range in
rigidity, the rate of pillar contraction is constant, with steps of myosin of approximately 2.5 nm
occurring every 330 ms until the maximum matrix displacement is reached, and then a similar
rate of relaxation of elastic matrix contacts is observed (32, 49). During the contraction process,
force is developed on the matrix through the actomyosin links to the integrins, and if the force is
great enough, the cell decides to reinforce the links between the cytoskeleton and the integrins.
Reinforcement occurs when the contractions pause for 1–2 s at a force of ∼25 pN. This pause cor-
relates with a dramatic increase in the rate of accumulation of α-actinin at the adhesions, followed
significantly later by other proteins such as vinculin and paxillin (32). Once the cell determines that
the surface is rigid, it will typically reinforce adhesions and enter the cell cycle, i.e., a growth state
(Figure 2, E1–E3). This is accompanied by gradual growth and cross-linking of actin stress fibers
that are attached to the adhesions (55). Thus, with a rigid substrate, a time- and force-dependent,
stepwise process occurs, starting from the integrin clusters, which leads to increased adhesion
maturation and stabilization and increased organization of the actin cytoskeleton. However, if
the matrix is too soft to support the formation of such force, then the adhesions will disassemble
(32), and the cell will gradually transition into an apoptotic pathway, possibly through DAPK1
activation (56) (Figure 2, D1–D2).

For proper rigidity sensing, several additional biochemical steps were found. At a very early
stage, calpain cleavage of talin is needed for proper adhesion development and for cell growth
through the production of talin rod fragments (57). Also, Src family kinase activation of epidermal
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Figure 2 (Figure appears on preceding page)

Mechanosensing occurs through a series of steps that involve adhesion formation, probing, and response. The cycle begins when
(A1–A2) the cell contacts RGD ligand and forms integrin clusters that activate actin polymerization (4, 44). (B1–B4) Step-by-step
mechanosensing of fibroblast cells on supported lipid bilayers (45, 114). (C1–C3) When the cell edge encounters new matrix, it forms
nascent integrin adhesions and begins to contract the matrix through contractile units in order to test its rigidity (32, 49, 54). (D1–D2)
Newly formed nascent adhesions disassemble when the matrix is soft. (E1–E3) If the matrix is stiff enough and the forces reach a
threshold of approximately 25 pN, adhesion is reinforced via recruitment of additional proteins from the cytoplasm. (F1–F2)
Transformed cells lose the rigidity sensing process and generate high traction forces on matrix. Abbreviations: AXL, anexelekto; Dab2,
disabled homolog 2; DAPK, death-associated protein kinase; EGFR, epidermal growth factor receptor; FAK, focal adhesion kinase;
FHOD1, formin homology (FH)1/FH2 domain-coating protein 1; FlnA, filamin A; HER2, human epidermal growth factor receptor 2;
PTP, protein tyrosine phosphatase; RGD, arginylglycylaspartic acid; ROR2, receptor tyrosine kinase-like orphan receptor 2.

Drag forces: forces
generated by dragging
actin filament
networks from the
lamellipodium edge
toward the nucleus
through actin-binding
proteins in adhesions

growth factor receptor [EGFR, or human epidermal growth factor receptor (HER2)] activity
is needed to continue spreading and polarization as well as for rigidity sensing (53). Following
adhesion maturation through α-actinin recruitment (32, 58), a transition from integrin αvβ3 to
α5β1 occurs (59). Then contractions in adhesions, as well as force on adhesions coming from the
flow of actin, are needed for continued adhesion growth (60). Rigidity-dependent strengthening
of adhesions could occur through stick-slip of talin, where there is stretching and recruitment
of vinculin and release upon talin relaxation (61). In development, the stretch-relaxation could
prepare vinculin for interaction with mitogen-activated protein kinase (MAPK1) (62). When
myosin force drops, adhesions dissipate, FHL2 moves to the nucleus to activate p21 synthesis
(63), and cells eventually activate apoptotic pathways.

This is most certainly an incomplete picture of the early events and major steps in actin poly-
merization, as anchoring of actin and myosin activation is poorly understood. What is clear is
that many different steps are needed to complete this simple morphological change, and many
occur in a parallel but linked fashion. It is important to be able to put the steps into the context of
larger motility processes, because it is only through an understanding of the sequence of molecular
events in spreading that the process and related motility processes can be understood.

2.2. Adhesion Maturation and Actin flow: The Role of the Clutch
in Force Development

After approximately 30 min on a surface, fibroblasts will develop mature adhesions that produce
traction forces on the matrix. Blocking myosin activity will cause the disassembly of these adhe-
sions, a feature that has been used to define a set of force-dependent components of the integrin
adhesome (64–66). Traction forces are linked to the general flow of actin from the periphery to
the nucleus that can produce drag forces on early nascent adhesions needed for adhesion matura-
tion. If strong adhesions are established (on stiff matrices), the actin flow operates on them in a
stick-slip manner in that the actin will pull on proteins like talin in the adhesions and release them
periodically, resulting in stretch-relaxation cycles (67, 68) (Figure 3). In a stick-slip situation, the
strength of the actin-integrin-matrix linkage will increase to match high pulling forces, perhaps as
a result of the increased binding to stretched molecules (69), whereas a clutch model predicts that
the rapid rise in force with rigid matrices will cause a rapid break of the linkage (70) (see sidebar
titled Clutch, Drag, or Stick-Slip Models to Explain Matrix Tension). Many studies have shown
that cells will normally increase the strength of links with the energy to give higher forces on rigid
surfaces; e.g., one possible mechanism is the binding of vinculin to stretched talin (7). However,
depletion of talin will cause cells to develop lower forces on stiff substrates as predicted by the
clutch model (71). Thus, talin is an important component in the adhesions and affects the relative
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Force increase Force decrease

4,000 gene expression
difference

Small adhesion Large adhesion

Vinculin
Actin flow

Stick-slip bond

αβ Integrin

Talin
Actin

p-Tyr
Paxillin

Adhesion
complex
Adhesion
complex

Shuttling

a

FHL2
FHL2

FHL2FHL2

b c

d

(Caption appears on following page)
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Figure 3 (Figure appears on preceding page)

(a) Established adhesions experience drag forces from actin flowing to the cell center, resulting in a stick-slip
behavior at the actin-adhesion interface (68). At later time points, when the adhesions mature, actin drag
forces lead to repeated talin stretch-relaxation events that involve the binding of several vinculin molecules
to a single talin (7). (b) Increasing forces cause increases in local tyrosine phosphorylation levels and reinforce
adhesion formation. (c) Decreasing force leads to FHL2 shuttling to the nucleus (63). (d) Within 4 h of
plating, cells on circular patterns show different expression levels of more than 4,000 genes compared with
cells on triangle patterns (19). Abbreviations: FHL2, four and a half LIM domains protein 2; p-Tyr,
phosphotyrosine.

CLUTCH, DRAG, OR STICK-SLIP MODELS TO EXPLAIN MATRIX TENSION

An important aspect of cell-matrix adhesions is that rapid actin flow inward (<50–60 nm/s) (48) produces force
on matrix adhesions that increases with substrate rigidity. The simple clutch model proposes that actin filaments
transiently bind to adhesion proteins, producing force on matrices. When modeled (70), stiffer matrices caused rapid
breaking of bonds, resulting in lower forces on stiff matrices compared to soft matrices, contrary to experiments.
In recent studies (71), depletion of talin produced the predicted clutch behavior, but normal behavior required an
increased number of bonds with rigidity. In the drag model, multiple, transient weak interactions between actin
filaments and adhesion proteins create force on the adhesions (119). This explains formation of immune synapses
and other large focal clusters but does not explain higher traction forces on rigid matrices. The stick-slip model
proposes that transient stretching of talin by actin causes vinculin binding (67), which adds actin-binding sites.
Talin stretching and vinculin and actin binding could scale with rigidity because stretching should increase on rigid
matrices. A critical assumption is that the rate of force rise on stretchable proteins correlates with rigidity (120,
121). Currently, actin-matrix linkages and reinforcement are not understood; however, tyrosine phosphatases and
kinases are implicated (122).

traction forces that are generated on the matrix, which in turn are dictated by the matrix rigidity:
The more rigid the matrix, the stronger the force.

A major role for the adhesions is to provide the proper mechanical signals from the matrix
(including rigidity, density, and geometry) for the cell to properly respond. In the case of differ-
entiation, for example, although stem cells test the matrix with local contractions initially, it is
the longer-term integration of the rigidity that is important for the decision into which lineage
to differentiate (72) and for the modification of lamin A expression level (73). In the adhesions,
mechanosensitive proteins need to respond to the mechanical signals to transmit them down-
stream in the form of biochemical cues. Indeed, the flow of actin past proteins like talin causes it
to stretch and bind vinculin (perhaps causing vinculin modification) until it relaxes and releases
vinculin (74). Similar processes could occur for p130Cas, filamin, and many other actin-binding
proteins in adhesions. A notable example is vinculin, which is known to be under force in adhesions
(75), but it does not have a clear role in supporting traction forces (76). A careful analysis of traction
forces with different vinculin isoforms concluded that “vinculin is not required for transmission of
adhesive or traction forces but is necessary for myosin contractility-dependent adhesion strength
and traction force and for the coupling of cell area and traction force” (76, p. 9788). Nevertheless,
its interaction with MAPK1 is linked to the differentiation of stem cells to a cardiac lineage (62)
that has excited modeling of the steps from vinculin to the final cell behavior (77). However, over
the days needed for stem cell differentiation, we do not know when this interaction is important
and under what conditions it contributes to the final outcome. It should, however, be possible to
follow the steps in the stem cell differentiation process over time to better understand where the
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Circadian clocks:
processes that are
activated on a daily
basis, such as sleep, but
also include enzymatic
systems that cells
activate automatically

METHODS TO STUDY MECHANOSENSING

Several tools were developed over the years to measure mechanosensing-related forces. The first demonstration
of cellular traction forces on matrices was the wrinkling of elastic silicone surfaces by adherent cells (123). Later,
in order to quantify the forces more precisely, this technique was modified into the widely used traction force
microscopy method, which utilizes tracking the movements of fluorescent beads embedded in elastic gels (124)
whose rigidities could be modulated by changing the cross-linking properties of its different components (125).
Later, the flexible pillar array system was developed to track forces (126), in which the effective rigidity of the pillars
is modulated by changing their height or width. In this method, live-cell brightfield or fluorescent imaging tracks
the movements of the pillars as cells are moving on top of them (33, 49); this system has allowed improved resolution
of cellular forces (32). At the molecular level, atomic force microscopy has played a crucial role in elucidating the
submolecular mechanisms of mechanosensitive protein unfolding, in particular talin (127) and titin (128). More
recently, fluorescence resonance energy transfer paired within force-bearing proteins enabled measurement of the
approximate forces on those proteins (75).

critical interactions occur (see sidebar titled Methods to Study Mechanosensing) and how they
may fit into other patterns of cell motility and adhesion dynamics. In other words, a complete
analysis of the steps involved is important.

In the tissue context, rigidity is normally maintained for long periods of time during the life of
the organism (much longer than typical timescales of cellular processes). A way to maintain the
proper mechanical properties of the tissue is to periodically test them with repeated cycles, as dis-
cussed above, and to become locked into a differentiated state that will produce the proper tension
(Figure 2). Further, forces from matrices or neighboring cells can stimulate cell growth or activity
(see sidebar titled Cell Stretching and External Force Effects). Activation of the mechanosensing
processes can be mediated by hormones, cell stretching, or internal circadian clocks that acti-
vate the testing of the environment and adjustment of mechanical properties. The hormones,
epidermal growth factor (EGF), platelet-derived growth factor (PDGF), and others can cause an
increase in cytoskeletal activity that will test the cellular environment. Recent studies show that
EGF activates rigidity sensing of cells on rigid surfaces but not cells on soft surfaces (53), which
indicates that the effect of the hormone on the cell will depend on the environment of the cell.

CELL STRETCHING AND EXTERNAL FORCE EFFECTS

In addition to the cell testing the matrix, the matrix can also stimulate the cell by pulling or pushing on it. Cells
within tissues are stretched periodically as part of normal blood flow and breathing, and changes in physical activity
alter the lengths and frequencies of this stretch with consequences for cell expression patterns (129). Furthermore,
periodic stretching of soft pillar arrays showed that forces from soft surfaces can stimulate growth (130). There has
been considerable interest in characterizing cell responses to external mechanical perturbations (reviewed in 3, 131).
Stretching experiments have shown that endothelial cells and fibroblasts will orient relative to uniaxial stretches
dependent upon the strain and the frequency (132–135). This has been explained theoretically by the dependence
on the dynamics of deformation of the matrix through the adhesions, which then affect the cytoskeletal organization
(136). The important parameters are the time constants for the actin filament turnover and adhesion dynamics. In
addition, actin filaments are broken easily by bending forces but can support much higher axial forces. Thus, once
again, the interplay between mechanical forces and actomyosin dynamics strongly affects the shape of the cell.

www.annualreviews.org • Mechanotransduction Pathways 595

A
nn

u.
 R

ev
. P

hy
si

ol
. 2

01
9.

81
:5

85
-6

05
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

H
ai

fa
 U

ni
ve

rs
ity

 o
n 

01
/0

8/
24

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



PH81CH25_Wolfenson ARI 26 December 2018 13:7

In the case of the circadian clock genes, there are roles in neoplastic transformation that belie
important functions for the clocks in regulating motility and mechanosensing (78).

2.3. Different Adhesions for Different Tasks

The steps involved in defining cellular morphologies are also manifested at the subcellular and
molecular levels. It has long been recognized that different steps in formation, growth, and disas-
sembly of adhesions involve alteration in not only their size and strength but also their composition.
Recent proteomics studies have compared integrin adhesions under different force regimes. The
consensus composition of adhesions appears to center around four axes comprising ILK–PINCH–
kindlin, FAK–paxillin, talin–vinculin, and α-actinin–zyxin–VASP (79). The latter axis appears to
be a major step in adhesion maturation, as force-induced recruitment of LIM domain proteins
(including zyxin and FHL2, among others) is often observed in the transition of focal complexes
into mature adhesions. Upon inhibition of force, LIM domain proteins are typically the earliest
ones to exit the adhesions, having relatively weak binding affinities and high turnover rates (34).
Importantly, LIM domain proteins can also be shuttled to the nucleus, where they play major
roles in transcription regulation, the most notable of these being zyxin (80), FHL1, and FHL2
(63). Thus, on relatively soft matrices, which do not promote the formation of strong adhesions
and forces, LIM domain proteins are excluded from the adhesions, and this appears to act as a
biomechanical switch (81).

3. THE REGULATORY ROLE OF RECEPTOR TYROSINE KINASES

The receptor tyrosine kinases (RTKs) typically are activated by hormones or other ligands and then
phosphorylate components to activate Ras and other signaling pathways (82). A knockdown screen
of all RTKs in the human genome showed that many RTKs are needed for proper cellular responses
to the stimulus of surfaces of different rigidities (35). Depletion of some RTKs decreased rigidity
sensing and adhesion formation, whereas depletion of others caused increased adhesion formation.
Two RTKs, AXL and ROR2, which caused increased adhesion and stress fiber formation on soft
surfaces after knockdown, were tested for changes in rigidity-sensing contractility. Knockdown of
AXL caused an increase in the contraction displacements from 120 nm to 180 nm, whereas ROR2
knockdown caused a twofold increase in the duration of the contractions. However, no role was
found for ligands in both cases (54). Thus, changes of RTK activity can have important effects on
regulating tension at the adhesions, as well as on adhesion maturation and growth. For example,
AXL and its ligand Gas6 are both overexpressed in several cancers, and addition of Gas6 decreases
rigidity-sensing contraction length and creates lower forces on rigid matrices (54). At the same
time, it also activates the AXL kinase that further activates MAPK kinases and growth pathways
(83, 84). Although there is overall inhibition of the cell cycle by Gas6, which seems to contradict
the effects of growth pathway activation, there is also increased resistance to apoptosis in response
to taxol chemotherapy (85). Despite the seemingly contradictory roles of the RTKs in different
cell contexts, it is clear that they can act in motility processes in the absence of ligands.

On the basis of genetic studies of Drosophila, many RTKs are involved in defining tissue mor-
phology and tissue function (8). Recent findings indicate that RTKs may have an active role in
the absence of their ligand to control the parameters of mechanical sensing and activation. Many
roles of the RTKs appear to involve their hormone-independent roles, including their function
as mechanoregulators of contractility (54) or activators of sensory functions downstream of Src
family kinases or other kinases (53). In the context of contractility, the two EGF receptor family
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members, EGFR and HER2, regulate the density of local actomyosin contractions on rigid sur-
faces but not on soft surfaces (53). It will be important in the future to understand the roles of
the RTKs in developing tissue morphology, in maintenance of morphology, and in response to
ligands. Furthermore, the functions of the RTKs may change with the cellular type and the local
environment of the cells.

4. MEMBRANE TENSION AND CELL POLARIZATION

As adhesions mature, the cells will polarize and migrate in some cases. The basis for polarization
has been linked to the polarized growth of actin filaments at the leading edge of the cell that
depends on a gradient of membrane tension (86). In recent studies, the membrane tension appears
to act on phospholipase D2 and mTORC2 to limit the area of actin polymerization to the leading
edge (87). With depletion of those proteins, the cells are less polarized and their extensions are less
polar. Moreover, an increase in myosin light chain activity and presumably contractility will also
result in less polarization (88). For fibroblasts there is also a major role for vinculin in polarization
(74).

5. STEPS IN CADHERIN JUNCTION FORMATION

Similar to ECM adhesions, the cell–cell cadherin junctions appear to form through a series of
steps that involve cluster formation (89, 90), early adhesion formation (91), consolidation through
force-dependent actin interactions (92), and myosin-dependent movements (93, 94). We have
also found similar contractile activity with submicrometer cadherin-coated pillars (Yang, Nguyen,
Mege, Ladoux, and Sheetz, unpublished results) that appears connected with sensing the rigidity of
cadherin contacts (95). The intercellular forces on adhesions correlate with the growth of epithelial
cells (96). Thus, we suggest that a similar list of steps is involved in the formation of cadherin-
mediated adhesions with a similar complexity that will include many different proteins for the
many specific functions involved in epithelial shape determination through cadherin-dependent
adhesions (97).

6. ABERRANT MECHANOTRANSDUCTION

Although we are only beginning to understand how malformations of tissues occur, it is clear
that many diseases manifest through alterations in mechanosensing. The contractile machinery
responsible for mechanosensing is composed of multiple components (Figure 2), with some
having important regulatory roles. A particularly important aspect of aberrant mechanosensing is
in the case of cancer that typically involves transformation or growth on soft agar. Recent studies
provide preliminary evidence that transformed cells lack rigidity-sensing complexes (32, 52). The
inability to sense rigidity might explain why cancer cells can grow on soft surfaces (Figure 4) (32,
98). A common theme emerging from mechanosensing studies of transformed cancer cells is that
they generate abnormally high traction forces irrespective of rigidity and that they do not form
proper mechanosensing contractile units (99). Potentially, these high forces are hyperactivating
mechanosensitive proteins in the adhesions, which then leads to abnormal activation of growth
pathways. The exact pathways that are involved are not clear, nor are the long-term kinetics of this
process. Moreover, it is highly likely that there are still numerous unidentified adhesion-related
proteins that are involved in transformation, given that close to 80% of the genes of the adhesome
(100) are prognostic markers in cancer (Figure 5).
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Anchorage-dependent growth Anchorage-independent growth

Cell rigidity 
sensing system

disruption

Pinch test for rigidity Loss of pinching

Soft Rigid Soft Rigid

Cell polarization 
and growthApoptosis

Cyclic stretching 
on soft surface

Cell rigidity 
sensing system

restoration

Cell polarization 
and growth

Figure 4
Rigidity-sensing contractile units are needed for inhibition of growth on soft surfaces. When nontransformed cells properly form
contractile units, they will detect when the matrix is stiff or soft and respond appropriately by growing or undergoing apoptosis,
respectively. Depletion of many proteins in the contractile units causes transformation of the cells (32, 52, 99), which do not form
contractile units and therefore cannot properly sense rigidity.
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Figure 5
Involvement of adhesome components in cancer. Analysis is based on the Pathology Atlas, which is part of the Human Protein Atlas
(https://www.proteinatlas.org). (a) Out of the 231 genes of the adhesome, 183 (∼80%) are prognostic markers in cancer. Of those, 87
genes are unfavorable in specific cancer types (i.e., high mRNA expression correlates with shorter survival time), 46 genes are favorable
in specific cancer types (high mRNA expression correlates with longer survival times), and 50 genes are favorable in some cancers and
unfavorable in others. The remaining 48 genes are not prognostic, but 17 of those are still considered cancer related, i.e., often mutated
in cancer. (b) Major categories of adhesome proteins involved in cancer and their division based on prognosis. Abbreviations: GAP,
GTPase-activating proteins/GTPase-accelerating proteins; GEF, guanine nucleotide exchange factors.
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Another important mechanobiological aspect of cancer is that tumors are typically stiffer than
the tissues in which they grow, due to increased deposition and cross-linking of ECM proteins
in the tumor stroma (101, 102). This property was shown to promote cancer progression (103).
Because there is a direct correlation between matrix stiffness and the level of cellular forces through
matrix adhesions (24, 49, 104), a stiff tumor environment will support the formation of high
intracellular forces and will promote an increase in cell proliferation (105, 106). In addition,
increased matrix stiffness and high forces can stimulate the EMT (28, 29), allow avoidance of
anoikis (32), and induce cell migration (107), all of which are critical steps in the progression
of metastasis. Thus, both extrinsic and intrinsic factors can contribute to aberrant activation of
mechanosensory pathways in cancer.

In addition to cancer, aberrant mechanical responses are linked to tissue fibrosis and scarring.
The process of wound healing is significantly affected by mechanical signals. For example, ex-
ternal mechanical stress leads to hypertrophic scarring due to infiltration of inflammatory cells
and decreased apoptosis of local cells in the wound (108). Such scars can eventually lead to tissue
fibrosis due to an irregular balance between collagen production and degradation. It is thought
that aberrant mechanical responses of ECM-producing fibroblasts in the wound region are a ma-
jor determinant of tissue fibrosis. Indeed, several mechanotransduction pathways in fibroblasts
were shown to be involved in fibrosis, most notably the FAK-ERK pathway (109, 110). Fibro-
sis is also involved in vascular stiffening in atherosclerosis. In this case, a major role for matrix
metalloproteinases (MMPs) was observed, particularly MMP-2 and MMP-9 (111). Further, early
stages of atherosclerosis are linked to regions of low blood flow, where deposition of fibronectin
and fibrinogen lead to monocyte recruitment (112). There is increasing evidence that physical
activity does help to prolong life and enable a better quality of life. This is particularly relevant
for atherosclerosis, and indeed, in a diabetic mouse model, physical activity led to a significant
decrease in sclerotic lesions, decreased MMPs concentration, and less macrophage infiltration
in the lesions (113). This suggests that at least some of the effects of physical activity could be
transmitted through mechanical signals from the ECM. As we better understand the relationship
between specific types of mechanosensing and various maladies, we can hope to better treat those
maladies through mechanical therapy in combination with existing therapies. As many of the body
repair systems involve mechanical movements to close wounds or repair ligaments, it is logical
that a better understanding of the mechanosensing and motility steps involved will lead to better
treatments.

7. CONCLUSIONS AND PERSPECTIVES

Mechanosensing and mechanotransduction are basic elements of shaping a tissue by cells. These
are not continuous processes but are periodically activated either through normal cycles within the
cells (circadian rhythms) or through acute activation by hormones, physical activity, or stresses.
Naturally, long-term changes in tissue morphology are the result of alterations in the set points for
the physical parameters brought about by disease processes, stresses, or natural aging. Nonethe-
less, there is normally a standard series of steps that cells follow in testing and responding to
many aspects of their mechanical environment. Thus, the final cellular morphology is the re-
sult of multiple rounds of sensing matrix rigidity, shape, and curvature as well as environmental
activation by mechanical stimulation or hormones. By understanding the molecular steps in the
standard mechanosensing processes and, in particular, how cells integrate the different signals
to yield a final response (regulation of cell shape, migration, growth, feedback on the ECM,
etc.), we can possibly alter the malformations caused by disease processes and better aid recovery
processes.
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SUMMARY POINTS

� The mechanical properties of the cellular environment take part in regulating fundamen-
tal cellular functions. The best understood property is the rigidity of the extracellular
matrix.

� Cells sense and respond to their environment through a standard series of steps that lead
over time to the final morphology and behavior, which are further tested periodically at
longer times.

� Whereas mechanosensing is a short-term event, its effects are long term, indicating that
mechanochemical steps form a progressive series that develops cell morphology over
time and space.

� Both testing and response involve cross talk between the adhesion and cytoskeletal ma-
chineries and biochemical pathways.

� Aberrant mechanosensing of ECM rigidity is linked to various diseases, including cancer.
This is (partially) attributed to the improper activation of biochemical pathways that
control growth and migration.
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George Osol, Nga Ling Ko, and Maurizio Mandalà � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �89

Regulation of BK Channels by Beta and Gamma Subunits
Vivian Gonzalez-Perez and Christopher J. Lingle � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 113

Endocrinology and Metabolism

Branched Chain Amino Acids
Michael Neinast, Danielle Murashige, and Zoltan Arany � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 139

Phospholipid Remodeling in Physiology and Disease
Bo Wang and Peter Tontonoz � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 165

v

A
nn

u.
 R

ev
. P

hy
si

ol
. 2

01
9.

81
:5

85
-6

05
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

H
ai

fa
 U

ni
ve

rs
ity

 o
n 

01
/0

8/
24

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



PH81_FrontMatter ARI 16 January 2019 8:5

Gastrointestinal Physiology

Contribution of Wound-Associated Cells and Mediators in
Orchestrating Gastrointestinal Mucosal Wound Repair
Miguel Quirós and Asma Nusrat � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 189

Epithelial-Stromal Interactions in Pancreatic Cancer
Yaqing Zhang, Howard C. Crawford, and Marina Pasca di Magliano � � � � � � � � � � � � � � � � � � 211

Unexpected Roles for the Second Brain: Enteric Nervous System as
Master Regulator of Bowel Function
Sabine Schneider, Christina M. Wright, and Robert O. Heuckeroth � � � � � � � � � � � � � � � � � � � � 235

Visceral Pain
Luke Grundy, Andelain Erickson, and Stuart M. Brierley � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 261

Neurophysiology

Central Mechanisms for Thermoregulation
S.F. Morrison and K. Nakamura � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 285

Renal and Electrolyte Physiology

Biomarkers of Acute and Chronic Kidney Disease
William R. Zhang and Chirag R. Parikh � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 309

Generating Kidney from Stem Cells
Melissa H. Little, Lorna J. Hale, Sara E. Howden, and Santhosh V. Kumar � � � � � � � � � � � 335

Regulation of Thirst and Vasopressin Release
Daniel G. Bichet � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 359

Respiratory Physiology

Cell Death in the Lung: The Apoptosis–Necroptosis Axis
Maor Sauler, Isabel S. Bazan, and Patty J. Lee � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 375

Cellular Metabolism in Lung Health and Disease
Gang Liu and Ross Summer � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 403

Innate Lymphoid Cells of the Lung
Jillian L. Barlow and Andrew N.J. McKenzie � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 429

Mitochondrial Iron in Human Health and Disease
Diane M. Ward and Suzanne M. Cloonan � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 453

vi Contents

A
nn

u.
 R

ev
. P

hy
si

ol
. 2

01
9.

81
:5

85
-6

05
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

H
ai

fa
 U

ni
ve

rs
ity

 o
n 

01
/0

8/
24

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



PH81_FrontMatter ARI 16 January 2019 8:5

Special Topic: Angiogenesis and Lymphangiogenesis

Metabolic Pathways Fueling the Endothelial Cell Drive
Xuri Li, Anil Kumar, and Peter Carmeliet � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 483

Normalizing Function of Tumor Vessels: Progress, Opportunities,
and Challenges
John D. Martin, Giorgio Seano, and Rakesh K. Jain � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 505

Regulation of Blood and Lymphatic Vessels by Immune Cells in
Tumors and Metastasis
Massimiliano Mazzone and Gabriele Bergers � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 535

General Interest

Evolved Mechanisms of Aerobic Performance and Hypoxia Resistance
in High-Altitude Natives
Grant B. McClelland and Graham R. Scott � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 561

Steps in Mechanotransduction Pathways that Control Cell
Morphology
Haguy Wolfenson, Bo Yang, and Michael P. Sheetz � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 585

The Physiology of Optimizing Health with a Focus on Exercise
as Medicine
Bente Klarlund Pedersen � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 607

Errata

An online log of corrections to Annual Review of Physiology articles may be found at
http://www.annualreviews.org/errata/physiol

Contents vii

A
nn

u.
 R

ev
. P

hy
si

ol
. 2

01
9.

81
:5

85
-6

05
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

H
ai

fa
 U

ni
ve

rs
ity

 o
n 

01
/0

8/
24

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 


	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Physiology
Online
	Most Downloaded Physiology
 Reviews 
	Most Cited Physiology
 Reviews 
	Annual Review of Physiology
Errata 
	View Current Editorial Committee

	All Articles in the Annual Review of Physiology, Vol. 81
	Cardiovascular Physiology
	Evolving Concepts of Mitochondrial Dynamics
	Maintenance of Skeletal Muscle Mitochondria in Health, Exercise, and Aging

	Cell Physiology
	ATP-Gated P2X Receptor Channels: Molecular Insights into Functional Roles
	Cysteine-Based Redox Sensing and Its Role in Signaling by Cyclic Nucleotide–Dependent Kinases in the Cardiovascular System
	Plasticity of the Maternal Vasculature During Pregnancy
	Regulation of BK Channels by Beta and Gamma Subunits

	Endocrinology and Metabolism
	Branched Chain Amino Acids
	Phospholipid Remodeling in Physiology and Disease

	Gastrointestinal Physiology
	Contribution of Wound-Associated Cells and Mediators in Orchestrating Gastrointestinal Mucosal Wound Repair
	Epithelial-Stromal Interactions in Pancreatic Cancer
	Unexpected Roles for the Second Brain: Enteric Nervous System as Master Regulator of Bowel Function
	Visceral Pain

	Neurophysiology
	Central Mechanisms for Thermoregulation

	Renal and Electrolyte Physiology
	Biomarkers of Acute and Chronic Kidney Disease
	Generating Kidney from Stem Cells
	Regulation of Thirst and Vasopressin Release

	Respiratory Physiology
	Cell Death in the Lung: The Apoptosis–Necroptosis Axis
	Cellular Metabolism in Lung Health and Disease
	Innate Lymphoid Cells of the Lung
	Mitochondrial Iron in Human Health and Disease

	Special Topic: Angiogenesis and Lymphangiogenesis
	Metabolic Pathways Fueling the Endothelial Cell Drive
	Normalizing Function of Tumor Vessels: Progress, Opportunities, and Challenges
	Regulation of Blood and Lymphatic Vessels by Immune Cells in Tumors and Metastasis

	General Interest
	Evolved Mechanisms of Aerobic Performance and Hypoxia Resistance in High-Altitude Natives
	Steps in Mechanotransduction Pathways that Control Cell Morphology
	The Physiology of Optimizing Health with a Focus on Exercise as Medicine





