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Neurology and connective tissue are intimately interdependent systems and are
critical in regulating many of the body's systems. Unlocking their multifaceted
relationship can transform clinical understanding of the mechanisms involved
in multisystemic regulation and dysregulation. The fascial system is highly
innervated and rich with blood vessels, lymphatics, and hormonal and
neurotransmitter receptors. Given its ubiquity, fascia may serve as a "watchman,”
receiving and processing information on whole body health. This paper reviews
what constitutes fascia, why it is clinically important, and its contiguous and
interdependent relationship with the nervous system. Unquestionably, fascial
integrity is paramount to human locomotion, interaction with our environment,
bodily sense, and general physical and emotional wellbeing, so an understanding
of the fascial dysregulation that defines a range of pathological states, including
hypermobility syndromes, autonomic dysregulation, mast cell activation, and
acquired connective tissue disorders is critical in ensuring recognition, research,
and appropriate management of these conditions, to the satisfaction of the
patient as well as the treating practitioner.

KEYWORDS

fascia, connective tissue, collagen dysregulation, hypermobility, neuroregulation,
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1 Introduction

Despite being declared a global public health priority, chronic musculoskeletal pain and
dysregulation conditions remain under-funded, under-researched, misdiagnosed and grossly
misunderstood (1). Research and clinical paradigms that dismiss the importance of fascia in
pain regulation can lead to undertreatment and inappropriate treatment for pathological states
such as hypermobile Ehlers-Danlos Syndrome (hEDS), autonomic dysregulation, mast cell
activation, and acquired connective tissue disorders. Continuing to ignore the fascial system
perpetuates misdiagnoses and inappropriate treatments, creating unnecessary prescriptions
of ineffective medication. Furthermore, application of incongruous allied health management
protocols can cause masking of symptoms, and contributes to increases in physician burnout,
preventable disabilities, and the global burden of chronic pain management in healthcare.

Teaching the form and function of fascia is notably absent from most professional health
care education and the lack of awareness limits current treatments. Conventional healthcare
has historically overlooked fascia, framing it not as a system that facilitates and modulates
sensory input but as inert filler material (2). Understanding fascial anatomy and its multifaceted
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role as a regulatory system can transform how clinicians approach
managing health and treating pain and disease.

By understanding the dynamics of the fascial system as it relates to
the other organ systems of the body (musculoskeletal, neurovascular,
endocrine, and immune)—we can illuminate its role in the regulation
of pain, locomotion, inflammation, and autonomic conditions. People
experiencing these conditions often have complex needs and difficult
healthcare encounters, which can lead to clinical traumatization and
mutual distrust between patients and clinicians (3). Continued research
can help clinicians understand and improve care for “problem patients”
by revealing an anatomical reason for their pain that travels and
manifests in different ways on different days. This paper reviews the
emerging body of evidence on fascia as a regulator of the body’s sensory
input, and demonstrates how fascia-informed care can potentially
improve patient outcomes and clinician experiences, ultimately
preventing poor care across healthcare and medical specialties,
particularly in the areas of neurovascular, hormonal, endocrine,
musculoskeletal, inflammatory, and hypermobility-related conditions.

2 The regulatory role of fascia
2.1 Why fascia matters

Of the four major classes of tissues in the human body—
endothelial, muscle, nerve, and connective tissue (fascia) (4)—fascia
has historically been most overlooked and misunderstood in Western
medicine (possibly due to ongoing nomenclature debates
overshadowing clinically-relevant fascia studies (5). For the purpose
of this review, we will use the terms fascia and connective tissue
interchangeably). Previously thought to be a passive material, the
cellular membrane is now widely known to be a dynamic structure
critical to cellular functionality. Similarly, fascia, once thought to
be inert material, has now been found to host membrane-like
receptors and perform active membrane-like functions for structures
it connects and encapsulates (6). Current research indicates that fascia
could be the moderating interface between many tissue types in the
musculoskeletal, endocrine, and autonomic nervous systems. Fascia
surrounds, supports and protects every nerve, muscle, blood vessel,
and organ in the body, and is abundantly innervated (7, 8). Fascia is
estimated to house over 250 million nerve endings (8), with sensory
neurons outnumbering motor neurons 9:1 in some regions (9). Fascia
houses 25% more nerve endings than skin, and 1,000% more than the
collective innervation of muscle, so fascia could very well
be considered our richest sensory organ (7, 8).

Connective (fascial) tissue manifests in many forms, from the
loose connective tissue immediately under the skin, to the deep

Abbreviations: ADHD, Attention Deficit/Hyperactivity Disorder; ANS, Autonomic
Nervous System; ECM, Extracellular Matrix; GAGs, Glycosaminoglycans; HA,
Hyaluronic Acid; hEDS, Hypermobile Ehlers-Danlos Syndrome; HPA, Hypothalamus-
Pituitary Axis; IMT, Intramuscular Connective Tissue; IV, Intravenous; IVIG,
Intravenous Immunoglobulin; MCAD, Mast Cell Activation Disease; MCAS, Mast
Cell Activation Syndrome; MRGPRX2, Mas-related G protein-coupled receptor-X2;
NSAIDs, Non-steroidal anti-inflammatory drugs; POTS, Postural orthostatic
tachycardia syndrome; SLE, Systemic lupus erythematosus; TGF-f1, Transforming

growth factor—p1.
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connective tissue of the epimysium, perimysium and endomysium of
muscle, to cartilage, tendon, ligament, to the protective wrapping
around nerves and blood vessels, the periosteum and pericardium,
and the visceral serous membrane. Traditionally discarded during
anatomical dissection oriented toward muscles, organs, neurovascular
bundles and bones, prominent clinicians and researchers note fascia’s
emergence from obscurity as one of the most functionally diverse
bodily components (2).

2.2 Functions of fascia

Fascia plays crucial roles in locomotion and regulation, and
evolves in response to environmental stimuli and functional demand.
Fascial integrity is paramount to movement, bodily sense, hormonal,
autonomic and neurovascular regulation, and purposeful interaction
with our environment. For movement and locomotion, fascia regulates
posture (2), force transmission (10), strength generation (11), elastic
recoil (12), proprioception (1), exteroception, and interoception (13).
Fascia also regulates lymphatic efficacy (14), protection of delicate
neural and vascular elements and organs (4), thermoregulation,
inflammatory and immune responses (15), wound healing (16),
hormonal production and secretion (adrenaline, estrogen, insulin,
thyroid hormones, oxytocin) (17, 18), and venous return (19). Fascia
plays a critical role in the transmission of neurotransmitters, namely
serotonin, dopamine, GABA, and acetylcholine (17, 20). The
regulation of peripheral resistance arteries by interfacing fascial tissue
is essential for control of blood pressure, and for the increase in blood
flow to the central nervous system and the heart under stress
conditions (21). Alterations in the superficial fascia can also
reciprocally lead to lymphedema/lipedema, which in turn may
exacerbate suboptimal health of superficial fascia (22). Fascial
morphology is initially determined by embryological and early
childhood development (23), and undergoes perpetual adaptation
across the lifespan in response to functional demand. Fascia is
constantly evolving, both dependent on and modulating sustained
postures, repetitive movement, quantity of motion, load (24), stress,
strain, hydration (25), pH, temperature (23), neurotransmitters, and
hormones (26).

2.3 Components of fascia

The fundamental components of fascial tissue are primarily
specialized cells, collagen fibers, elastin fibers, and an extracellular
matrix (ECM): (2).

o Cells provide the metabolic properties of the fascial tissue.

« Collagen and elastin fibers provide mechanical strength.

o ECM (also known as the ground substance) provides plasticity
and elasticity.

Fascial cell types include fibroblasts, fasciacytes, adipocytes,
macrophages and mast cells (27), undifferentiated mesenchyme cells,
chondroblasts, chondrocytes, osteoblasts, and osteocytes (28). ECM
contains hyaluronan (hyaluronic acid; HA), glycosaminoglycans
(GAGs), water and ions (2). GAGs create an osmotic imbalance,
which enables the ECM to attract up to 1,000 times its own weight in
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water (29). This hydrophilic quality of proteoglycans (glycoproteins
that contain GAGs) is responsible for maintaining the volume of the
extracellular matrix, which is constrained by the surrounding collagen
fibers (30). The capacity for ECM to attract up to 1,000 times its weight
in water is particularly important, because fascia is the “arena” in
which localized acute inflammation and edema occurs (30).

Fascia evolves almost exclusively from the mesodermal layer
during embryological development (23). Embryos first develop
cerebrospinal fluid and fascia, then the remaining body systems and
structures form within this “endless web” of fascia (23, 31). Fascia
facilitates “a true continuity throughout our whole body” (2), and has
been referred to as the “organ of form” (32), and “the architect of
human movement” (22).

2.4 Functional demand specialization

Functional demand dictates the proportional distribution of each
fascial component. Fascia develops perpetually across the lifespan in
response to functional demand specific to each region of the body.
Consider the specialization of three fascial components in response to
specific functional demands:

o Type I collagen facilitates force transmission. For example,
tendons and the thick aponeurotic sheets of the iliotibial band
(33) and plantar fascia (34) facilitate force transmission (35, 36),
so Type I collagen is the predominant fiber subtype.

Fasciacytes facilitate sliding and gliding and secrete hyaluronan
as a lubricant to facilitate movement. Where sliding and gliding
is necessitated between muscle bellies, fasciacytes are distributed
along the margins of the fascia that envelopes muscle (37), and
hyaluronan is secreted to facilitate movement, particularly
around the myofascial junction (38).

Cartilage (also known as chondral tissue) is a highly specialized
layer of dense ECM that allows almost frictionless motion in a
joint. Cartilage is composed of hyaluronan, Type II collagen, and
cartilage-specific proteoglycans interspersed sparsely with
chondrocytes (39) enabling unique mechanical properties.
Counterintuitively, “moderate mechanical loading” (40) on
cartilage over time minimizes the turnover of tissue constituents,
resulting in a protective effect rather than tissue degeneration (41).

2.5 Recognizing fascia dysregulation

Most clinical fascia literature focuses on temporary reversible
impairment, assuming optimal homeostatic function in an otherwise
healthy body. However, clinicians are often treating patients with
(frequently undiagnosed) genetic variants altering the ECM fiber
arrangement -- due to one or more changes affecting collagen
proportions, quality, length, binding site affinities or distributions. In
these cases, many of the “default” principles or “typical” assumptions
do not apply, especially related to viscoelasticity, proprioception,
nociception, elastic recoil and force transmission. When the usual
ECM norms do not apply, the label “heterogenous” is often used to
describe the diverse symptom presentations of individuals with
conditions such as Hypermobile Ehlers-Danlos Syndrome (hEDS),

Frontiers in Neurology

10.3389/fneur.2024.1458385

Marfan Syndrome, acquired connective tissue disease including
systemic lupus erythematosus (SLE), polyarthralgia, systemic
sclerosis, and Sjogren Syndrome to name a few.

Multimorbidity is the norm among individuals with collagen
dysregulation, with an average of more than 10 diagnosed conditions in
patients with hEDS (42, 43). Commonly reported conditions include
general joint hypermobility (subluxations and dislocations of joints,
tendons, and nerves, frequent soft tissue injury, and abnormal wound
healing) (42-46), tethered cord and cervical instability (47), a range of
oral and orofacial manifestations (48), inflammatory bowel disease (49),
dysautonomia, irritable bowel syndrome, reflux, diverticulosis (50), and
postural orthostatic tachycardia syndrome (POTS) (51); cardiovascular
disease including mitral valve prolapse and aortic wall hyperelasticity
(52); dermal hyperextensibility and atrophic scarring (44), easy bruising
(53), asthma (54), lipedema/lymphedema, chronic pain (55, 56),
anesthetic resistance (57), fibromyalgia, myalgic encephalomyelitis or
chronic fatigue syndrome (50), central sensitization (58), abdominal
hernias and pelvic organ prolapses (44). Mast cell activation syndrome
(MCAS), hypermobility and dysautonomia have been identified as a
triad to be aware of in clinical presentation (59), with higher odds of
autism, ADHD (60, 61), panic disorder (62), anxiety diagnoses (63, 64),
and neurodivergence (56).

3 Fascia, exercise and locomotion
3.1 Hyaluronan: lubricant or glue?

Hyaluronan (hyaluronic acid) is the primary constituent of the
ECM (65). Hyaluronan is secreted as a lubricant to facilitate myofascial
sliding and gliding of muscles and nerves. Hyaluronan has been found
to contribute to cellular metabolism (66), morphogenesis (67), wound
healing (68), and inflammation (69). In local anesthetic studies,
hyaluronan has been noted to effect the efficacy and release rate of
anesthesia (70), which may explain local anesthesia resistance reported
by patients with collagen dysregulation conditions (57). Dysregulated
hyaluronan is associated with cancer development, and can result in
excessive tissue swelling, increased interstitial pressure and compression
of neurovascular structures, causing pressure and pain (66, 71).

Hyaluronan dysregulation can occur either through under-or over-
activity (67). Under-activity can lead to hyaluronan over-accumulation;
over-activity can lead to hyaluronan over-production. Immobility
precipitates pathological accumulation of hyaluronan, which super-
aggregates in the tissues, impairing blood and lymphatic circulation, and
reducing lymphatic efficacy (68). Excessive exercise may also
overstimulate hyaluronan production, and subsequent super-aggregation
causes it to act more like a glue than a lubricant (67). When hyaluronan
acts like a glue, it can lead to symptoms of lipedema/lymphedema
including fat tissue inflammation, painful adipose tissue, adipose tissue
growth, and fibrosis (69, 72). This phenomenon of hyaluronan acting
more like a glue than a lubricant has also been linked to delayed onset
muscle soreness syndrome (DOMS) (73).

3.2 Muscles, posture and movement

Immediately beneath the dermal layers (of skin), the superficial
fascia transects two adipose layers (the superficial adipose tissue and
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deep adipose tissue). Superficial adipose tissue (SAT) regulates
several aspects of whole-body physiology including insulin
sensitivity, body temperature and immune responses (15). The
adjacent superficial fascia plays a key role in the transmission of
hormones and the protects invested vascular and neural plexuses
(4). The superficial fascia is structured to support these circuitous
structures, and facilitates the requisite flexibility to circumvent
injury at the extremes of physiological range (74). The superficial
fascia also includes the retinacula cutis, finger-like projections of
collagen connecting the dermis above and hypodermis below, as well
as the deep (muscular) fascia (75). The deep fascia comprises the
epi-, peri-and endomysial layers of the muscular fascia. Collectively,
these constitute the intramuscular connective tissue (IMT) (76), into
which muscle fibers are wholly embedded (38, 77). With the
seamless melding of the epi-and perimysial components, the IMT
acts as a “scaffold” for muscle development and a carrier of the
neural and vascular supply for muscle cells (76), in turn acting in
series with the muscle itself and its associated mechanoreceptors.
This allows forces generated within the locomotor system to
be efficiently transmitted across joints (78), and so circumventing
excessive articular strain.

Ruffini and Pacinian corpuscles are mechanoreceptors that
appear in fascia in varying proportions (79). Ruffini corpuscles
monitor persistent postural input, while Pacini receptors
downregulate in response to continuous stimulus (80). “Myofascial
expansions” (35)—wherein 30% of muscle fibers insert into fascia
rather than a tendon (81)—facilitate force transmission (82) from
both synergistic and antagonistic muscles into fascia rather than an
enthesis. This accounts for 30% of the mechanical force (35, 83),
helping to protect local neural and vascular tissue, as well as
underlying joints (23), effectively allowing them to “float” (84). This
calls into question some long-held anatomical paradigms around
joint mechanics and load transfer in that muscle can no longer
be considered the only element responsible for the organization of
movement (35).

4 Fascia and regulation
4.1 Fascia and neuroregulation

The study of fascia demonstrates a specific distribution and
precise localization of neural elements (8), closely connected with the
central nervous system, and more so with the autonomic nervous
system (ANS) (7). Local vasodilatation (80), and thermoregulation
are primarily affected (85). In mast cell studies, fascia receptors have
been found to respond to neurotransmitters more rapidly and at
lower doses than neurons (86, 87). Treatments that target fascia
regulation may have multiple uses. Current medical literature lacks
fascia-focused research, and there is an identified need for studies
designed specifically to evaluate the neuroregulation effects of
treatments on fascia hyaluronan, and mast cells. Anxiety and
depression have been associated with neuroinflammation, with mast
cell stabilizers and treatments for inflammation yielding positive
results (88). Limited clinical research has found ADHD medication
to be effective in treating impulsivity and behavioral regulation in
eating disorders (89), and has been reported in case studies to
alleviate musculoskeletal and orofacial pain (90). The growing
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understanding of the fundamental neural dynamics of fascial
plasticity has catalyzed a paradigm shift in the manual therapy
approach to treatment of fascial dysfunction, moving away from
exclusive consideration of fascia’s mechanical properties, and calling
into question the categorization of massage, tape, and compression
as “passive therapies” (2). Chemical alterations of the extracellular
matrix, and excessive mechanical stimulation are known to transform
these receptors into nociceptors, which are appreciably more sensitive
than the underlying musculature, sustaining longer-lasting
hypersensitivity (79).

4.2 Inflammation, stress, anesthesia and
pain

The dominance of sympathetic innervation has far-reaching
consequences for fascial health and aspects of the hypothalamic-
pituitary—-adrenal (HPA) axis, given the abundance of autonomic
neural input in this tissue (91, 92). Chronic stress and chronic pain
are—jointly and individually—often accompanied by chronic
inflammation (93, 94), with pro-inflammatory cytokines secreted by
fibroblasts, myofibroblasts, adipocytes, mast cells, lymphocytes and
vascular cells. As the fascia is the principal setting for inflammatory
and immune system activity, fascial dysfunction can result in
catastrophic cascades (79, 95, 96). Even under conditions of relatively
low-grade chronic inflammation, cytokines denigrate the ECM,
destabilizing connective tissue and stimulating fibrosis (87).
Noradrenaline upregulates Transforming growth factor-f1 (TGF-
1), which can cause fibroblasts to differentiate into myofibroblasts,
which (in an environment of chronic stress and/or inflammation)
then initiates fibrosis and contractures (97). Chronic adrenaline
upregulation can similarly elicit contracture and inhibit effective
wound healing (98), provoking structural adaptation. This in turn
creates imbalance, pain and palpable tension (98-100). Stress
hormones, like cortisol, and chronic inflammation can exert an
adverse effect on muscle and bone quality (101, 102). The gut, with
its enteric nervous system (little brain), is compartmentalized by
fascia (103) and produces the same neurotransmitters as the brain.
The vagus nerve purportedly acts as a bi-directional autonomic
conduit between fascia and the central nervous system in countering
sympathetic overload, as well as playing a key role in the gut-brain
axis, tempering inflammation, facilitating intestinal homeostasis,
satiety and energy regulation (104). The vagus nerve also connects
the gut and the brainstem (36, 104), further strengthening the close
relationship between fascial and the nervous systems.

Fascia appears to act as a mediator between the autonomic
nervous system, emotional regulation and immune regulation (79).
An emerging body of research has begun to explore the dynamic
interplay between fascia and cancer, fascia and muscle function,
fascia and neuroinflammation, dysautonomia, pain, hypermobility,
and neurodiversity (56, 71, 76, 105), with some studies focused on
the interaction of fascia, neurotransmitters, hormones, and the
(HPA axis) (95, 98).
Additionally, emerging research posits that fascia and hyaluronan

hypothalamic-pituitary-adrenal axis
play a key role in the perception of pain (1, 66, 106). Fascia is also
richly endowed with endocannabinoid receptors, signifying its role
as a source and modulator of pain, presenting possibilities for future
pain management strategies and research (107).
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While fascia can make inflammation and pain worse, fascial
regulation of inflammation can also provide an efficient therapeutic
target to counteract chronic pain-inflammation-stress cascades.
While MCAS is rarely the first diagnosis received (it is often the last
of many), simple treatments targeting mast cell stabilization or
inflammatory regulation in fascia like olopatadine (in Patanol eye
drops or Patanase and Ryaltris nasal sprays), or sodium cromoglycate
(also known as cromolyn sodium) have been reported to rapidly
reduce these cascades, with topical or nasal application (86,
108-110).

Several drugs are associated with mast cell activation, including
(NSAIDs),
neuromuscular blocking agents and opiates/opioids, and contrasts used

nonsteroidal anti-inflammatory drugs anesthetics,
in radiology (87, 111). Approximately half of all perioperative drugs can
trigger mast cell activation (111), and hyaluronan affects anesthesia
efficacy and release rate (70), necessitating research into hyaluronan and
mast cell receptors in connective tissue, and substances that bind with
these receptors (or silence receptor-signaling) as therapeutic targets.
One such receptor, Mas-related G protein-coupled receptor-X2
(MRGPRX2), binds with opioids and naltrexone, and has been
associated with fibrosis, hypertrophic scarring, and Long COVID (87,
111). Low dose naltrexone (LDN) is thought to bind with these mast cell
receptors, and research has begun to investigate its potential to reduce
side effects of immunosuppressive therapies (86, 88, 110), enhance
analgesia, reduce proinflammatory mediators, and efficacy as a
treatment for MCAS, anxiety and depression, and neuropathic pain
(110). After successful therapeutic responses in studies with back pain,
plantar fasciitis and Long COVID (106, 112, 113), intravenous (IV)
saline and IV immunoglobulin (IVIG) have been hypothesized to treat
underlying fascia-immune dysregulation; which goes underrecognized
and undertreated in a wide range of health conditions.

4.3 Mast cells and
neuro-immuno-endocrine regulation

Mast cells (also known as mastocytes) are tissue-resident
granulocytes of myeloid lineage that play a central role in adaptive
and innate immune function, neurological and non-immunological
processes, and pathologies far beyond allergy and mastocytosis.
Mast cells—dubbed a “multi-functional master cell” (114)—are
found in connective tissue, vascular tissue, adipose tissue, and
lymphatic tissue around the body, and are highly concentrated and
recruited to junctions where antigens could enter the body, including
all mucosal openings, skin, blood, respiratory endothelium, and
gastrointestinal tract (27, 114). In response to environmental stimuli,
mast cell activation and degranulation modulates vasodilation,
blood pressure, nociception, itch, fibrosis, tissue permeability,
wound healing, inflammation and immune responses, and behavior
(27, 114-116). Two distinct mast cell phenotypes have been
identified, distinguished by granule content. Unlike mucosal mast
cell granules that predominantly contain tryptase, mast cell granules
of non-mucosal tissue mastocytes contain a wide range of specialized
enzymes (114, 116, 117), and are rich pharmacological targets (118).
When activated, mast cells release the content of the granules, which
can have major local and systemic effects, particularly if mast cell
derived mediators circulate via the vascular or lymphatic systems
(86, 110).
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Mast cells can also be activated in response to environmental
changes, including temperature, pressure, and dermal vibration (119,
120). Mast cell activation contributes to swelling, itch, fasciitis, and
predisposes an environment toward fibrosis via various mechanisms
including fibroblast recruitment and proliferation, hyaluronan
degradation, or excessive ECM deposition. With disruption or
underlying dysregulation of connective tissue, a normal regulatory
response may lead to a pathological outcome. When mast cells release
enzymes and mediators (including histamine, cytokines, and
hundreds more) (38, 116) in the neuromuscular-myofascial junctions,
it may evoke an escalating cascade of multisystemic dysregulation
and localized deterioration. It is worth noting that MCAS and mast
cell activation disease (MCAD) are not interchangeable terms (121).
The term MCAD includes several subtypes including systemic
mastocytosis which is characterized by excessive quantities of mast
cells, and MCAS which involves the inappropriate release/levels of
mast cell chemicals. While the symptom presentation of these
conditions is similar, the different pathomechanisms indicate
different treatment plans. As mast cell activation increasingly features
in cases of chronic pain-inflammation-stress cascades and anesthesia
resistance within hypermobile populations and those with autonomic
dysregulation (57, 59, 122), treatment plans that prioritize mast cell
inhibition could prevent or reduce these cascades and increase the
efficacy of multidisciplinary treatment protocols. This adds to the
regulatory explanation for medication sensitivity and paradoxical
responses to medications, and presents a strong case to target mast
cells in clinical research and therapeutic intervention.

4.4 Hormonal regulation in muscular fascia

Research has discovered an abundance of estrogen and relaxin
receptors in fascia, concentrated on the fibroblasts of muscular fascia
(26). Hormone concentrations are known to fluctuate significantly
throughout the menstrual cycle and pregnancy, declining with the onset
of perimenopause (123). Hormones directly influence fascial stiffness
and pain sensitization throughout the lifespan of people who
menstruate, due to hormonal inhibition of fibrosis and inflammation
resulting in ECM remodeling (25). This has major consequences in the
consideration of athletes at any age, especially those with a hyper-
flexible fascial system, with or without the presence of joint
hypermobility, and with or without the use of hormone therapies or oral
contraceptives (124). People experiencing perimenopause and
menopause may subsequently be more susceptible to fibromyalgia in
the absence of premenopausal hormone concentrations (125).

5 Conclusion
5.1 Implications for practice and research

Dysregulation within the fascial system is considered scientifically
complex and likely plays a pivotal role in the multimorbidity
encountered by patients living with connective tissue diseases
(diagnosed or not). Various stages of fascial health may lead to
paradoxical or atypical responses to “normal” manual therapy, or
pharmacotherapy; making walking or exercise painful or otherwise
unmanageable by the patient. When therapy causes pain, fascial
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impairment should be strongly considered and explored so treatment
plans can better address the culprit of chronic pain. We call for clinical
educators and researchers, and the next generation of healthcare
practitioners to normalize the understanding of hyaluronan
dysregulation and the fascial system and their ubiquitous role in whole
body health, diagnosis and treatment planning, inflammation and pain
management, and homeostasis.

Author contributions

AS: Conceptualization, Writing - original draft, Writing - review
& editing. JB: Conceptualization, Writing — original draft, Writing —
review & editing. RG: Writing — review & editing. RP: Writing -
original draft, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The author(s)

References

1. Langevin HM. Fascia mobility, proprioception, and myofascial pain. Lifestyles.
(2021) 11:668. doi: 10.3390/1ife11070668

2. Schleip R. Fascial plasticity - a new neurobiological explanation: part I. ] Bodyw
Mov Ther. (2003) 7:11-9. doi: 10.1016/S1360-8592(02)00067-0

3. Halverson CME, Penwell HL, Francomano CA. Clinician-associated traumatization
from difficult medical encounters: results from a qualitative interview study on the
Ehlers-Danlos syndromes. SSM - Qualitative Res Health. (2023) 3:100237. doi: 10.1016/j.
ssmqr.2023.100237

4. Stecco C. Functional atlas of the human fascial system 1st Edition, Churchill
Livingstone, Edinburgh: Elsevier Health Sciences (2015).

5. Schleip R, Hedley G, Yucesoy CA. Fascial nomenclature: update on related
consensus process. Clin Anat. (2019) 32:929-33. doi: 10.1002/ca.23423

6. Fede C, Pirri C, Fan C, Petrelli L, Guidolin D, de Caro R, et al. A closer look at the
cellular and molecular components of the deep/muscular fasciae. Int ] Mol Sci. (2021)
22:1411. doi: 10.3390/ijms22031411

7. Schleip, R, and Stecco, C. 15 - Fascia as a Sensory Organ. In: R Schleip, ] Wilke and
A Baker, eds. Fascia in Sport and Movement. 2nd ed. (London, UK: Handspring
Publishing) (2015) 169-180.

8. Schleip, R., Mechsner, E, Zorn, A., and Klingler, W. (2014). The Bodywide Fascial
Network as a Sensory Organ for Haptic Perception. Journal of Motor Behavior. 46,
191-193. doi: 10.1080/00222895.2014.880306

9. Gesslbauer B, Hruby LA, Roche AD, Farina D, Blumer R, Aszmann OC. Axonal
components of nerves innervating the human arm. Ann Neurol. (2017) 82:396-408. doi:
10.1002/ana.25018

10. Tozzi P. A unifying neuro-fasciagenic model of somatic dysfunction - underlying
mechanisms and treatment - part L. ] Bodyw Mov Ther. (2015) 19:310-26. doi: 10.1016/j.
jbmt.2015.01.001

11. Schleip R, Muller DG. Training principles for fascial connective tissues: scientific
foundation and suggested practical applications. ] Bodyw Mov Ther. (2013) 17:103-15.
doi: 10.1016/j.jbmt.2012.06.007

12. Farris DJ, Raiteri BJ. Elastic ankle muscle-tendon interactions are adjusted to
produce acceleration during walking in humans. J Exp Biol. (2017) 220:4252-60. doi:
10.1242/jeb.159749

13. Schleip, R, and Jager, H. Interoception: A new correlate for intricate connections
between fascial receptors, emotion, and self recognition. In: R Schleip, TW Findley, L
Chaitow and PA Huijing, eds. Fascia: The Tensional Network of the Human Body.
(London  UK: Churchill Livingstone) (2012) 89-94. doi: 10.1016/
B978-0-7020-3425-1.00047-7

14. Albertin G, Astolfi L, Fede C, Simoni E, Contran M, Petrelli L, et al. Detection of
lymphatic vessels in the superficial fascia of the abdomen. Lifestyles. (2023) 13:836. doi:
10.3390/1ife13030836

Frontiers in Neurology

10.3389/fneur.2024.1458385

declare this research was partially funded through a grant from the
Digital Health Cooperative Research Centre (DHCRC). The DHCRC
is established and supported under the Australian Government’s
Cooperative Research Centres Program. Author JB holds a research
scholarship funded through a DHCRC project grant.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

15. Sakers A, De Siqueira MK, Seale P, Villanueva CJ. Adipose-tissue plasticity in
health and disease. Cell. (2022) 185:419-46. doi: 10.1016/j.cell.2021.12.016

16. Ye H, Rinkevich Y. Fascia layer—a novel target for the application of biomaterials
in skin wound healing. Int ] Mol Sci. (2023) 24:2936. doi: 10.3390/ijms24032936

17.Schwartz A. Fascia and the vagus nerve. (2021). Available at: https://
drarielleschwartz.com/fascia-and-the-vagus-nerve-dr-arielle-schwartz/

18. Coelho M, Oliveira T, Fernandes R. Biochemistry of adipose tissue: an endocrine
organ. Archives of Med Sci: AMS. (2013) 9:191-200. doi: 10.5114/aoms.2013.33181

19. Bermudez K. Fasciotomy, chronic venous insufficiency, and the calf muscle pump.
JAMA. (1999) 281:880.

20. George T, De Jesus O. Physiology, Fascia. In: StatPearls. Treasure Island, FL:
StatPearls Publishing (2024) - Available at: https://www.ncbi.nlm.nih.gov/books/
NBK568725/ (Accessed Mar 12, 2023).

21. Storkebaum E, Carmeliet P. Paracrine control of vascular innervation in health and
disease. Acta Physiol. (2011) 203:61-86. doi: 10.1111/j.1748-1716.2011.02333.x

22.Kim Y, Park EY, Lee H. The effect of myofascial release in patients with breast
cancer-related lymphedema: a cross-over randomized controlled trial. Eur ] Phys Rehabil
Med. (2023) 59:85-93. doi: 10.23736/S1973-9087.22.07698-5

23. van der Wal JC. The architecture of the connective tissue in the musculoskeletal
system - an often overlooked functional parameter as to proprioception in the locomotor
apparatus. Int ] Therapeutic Massage and Bodywork. (2009) 2:9-23. doi: 10.3822/ijtmb.
v2i4.62

24. Zugel M, Maganaris CN, Wilke J. Fascial tissue research in sports medicine: from
molecules to tissue adaptation, injury and diagnostics: consensus statement. Br ] Sports
Med. (2018) 52:1497. doi: 10.1136/bjsports-2018-099308

25.Kodama Y, Masuda S, Ohmori T, Kanamaru A, Tanaka M, Sakaguchi T, et al.
Response to mechanical properties and physiological challenges of fascia: diagnosis and
rehabilitative therapeutic intervention for myofascial system disorders. Bioengineering.
(2023) 10:474. doi: 10.3390/bioengineering10040474

26. Fede C, Albertin G, Petrelli L, Sfriso MM, Biz C, de Caro R, et al. Hormone
receptor expression in human fascial tissue. European ] Histochemistry: EJH. (2016)
60:2710. doi: 10.4081/¢jh.2016.2710

27. Fede C, Petrelli L, Pirri C, Tiengo C, De Caro R, Stecco C. Detection of mast cells
in human superficial fascia. Int ] Mol Sci. (2023) 24:11599. doi: 10.3390/ijms241411599

28. Swiqtek W, Ktodzinski O, Brzeczek J, Kosiorowski I, Grzybowska N, Mozdziak PE.
Components of the fascia — cells and extracellular matrix. Medical J Cell Biol. (2023)
11:13-9. doi: 10.2478/acb-2023-0002

29. Wang ST, Neo BH, Betts R]. Glycosaminoglycans: sweet as sugar targets for topical
skin anti-aging. Clin Cosmet Investig Dermatol. (2021) 14:1227-46. doi: 10.2147/CCID.
$328671

frontiersin.org


https://doi.org/10.3389/fneur.2024.1458385
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.3390/life11070668
https://doi.org/10.1016/S1360-8592(02)00067-0
https://doi.org/10.1016/j.ssmqr.2023.100237
https://doi.org/10.1016/j.ssmqr.2023.100237
https://doi.org/10.1002/ca.23423
https://doi.org/10.3390/ijms22031411
https://doi.org/10.1080/00222895.2014.880306
https://doi.org/10.1002/ana.25018
https://doi.org/10.1016/j.jbmt.2015.01.001
https://doi.org/10.1016/j.jbmt.2015.01.001
https://doi.org/10.1016/j.jbmt.2012.06.007
https://doi.org/10.1242/jeb.159749
https://doi.org/10.1016/B978-0-7020-3425-1.00047-7
https://doi.org/10.1016/B978-0-7020-3425-1.00047-7
https://doi.org/10.3390/life13030836
https://doi.org/10.1016/j.cell.2021.12.016
https://doi.org/10.3390/ijms24032936
https://drarielleschwartz.com/fascia-and-the-vagus-nerve-dr-arielle-schwartz/
https://drarielleschwartz.com/fascia-and-the-vagus-nerve-dr-arielle-schwartz/
https://doi.org/10.5114/aoms.2013.33181
https://www.ncbi.nlm.nih.gov/books/NBK568725/
https://www.ncbi.nlm.nih.gov/books/NBK568725/
https://doi.org/10.1111/j.1748-1716.2011.02333.x
https://doi.org/10.23736/S1973-9087.22.07698-5
https://doi.org/10.3822/ijtmb.v2i4.62
https://doi.org/10.3822/ijtmb.v2i4.62
https://doi.org/10.1136/bjsports-2018-099308
https://doi.org/10.3390/bioengineering10040474
https://doi.org/10.4081/ejh.2016.2710
https://doi.org/10.3390/ijms241411599
https://doi.org/10.2478/acb-2023-0002
https://doi.org/10.2147/CCID.S328671
https://doi.org/10.2147/CCID.S328671

Slater et al.

30. Langevin HM, Nedergaard M, Howe AK. Cellular control of connective tissue
matrix tension. ] Cell Biochem. (2013) 114:1714-9. doi: 10.1002/jcb.24521

31. Schultz, R. L., and Feitis, R. The endless web: Fascial anatomy and physical reality.
Berkeley, CA: North Atlantic Books. (1996).

32. Varela FJ, Frenk S. The organ of form: towards a theory of biological shape. J Soc
Biol Struct. (1987) 10:73-83. doi: 10.1016/0140-1750(87)90035-2

33. Hutchinson LA, Lichtwark GA, Willy RW, Kelly LA. The iliotibial band: a complex
structure with versatile functions. Sports Med. (2022) 52:995-1008. doi: 10.1007/
$40279-021-01634-3

34. Wilke J, Vleeming A, Wearing S. Overuse injury: the result of pathologically
altered myofascial force transmission? Exerc Sport Sci Rev. (2019) 47:230-6. doi:
10.1249/JES.0000000000000205

35. Stecco A, Giordani F, Fede C, Pirri C, De Caro R, Stecco C. From muscle to the
myofascial unit: current evidence and future perspectives. Int J Mol Sci. (2023) 24:4527.
doi: 10.3390/ijms24054527

36.Swets, G. The power of fascia. National University Of Health Sciences:
Chiropractic Medicine. [blog]. Available at: (2017). https://www.nuhs.edu/the-
power-of-fascia/

37. Stecco C, Fede C, Macchi V, Porzionato A, Petrelli L, Biz C, et al. The fasciacytes:
a new cell devoted to fascial gliding regulation. Clin Anatomy (New York, NY). (2018)
31:667-76. doi: 10.1002/ca.23072

38. Pirri C, Petrelli L, Guidolin D, Porzionato A, Fede C, Macchi V, et al. Myofascial
junction: emerging insights into the connection between deep/muscular fascia and
muscle. Clin Anat. (2024) 37:534-45. doi: 10.1002/ca.24148

39. Fox AJ, Bedi A, Rodeo SA. The basic science of articular cartilage. Sports Health.
(2009) 1:461-8. doi: 10.1177/1941738109350438

40. Bader DL, Salter DM, Chowdhury TT. Biomechanical influence of cartilage
homeostasis in health and disease. Art. (2011) 2011:979032:1-16. doi:
10.1155/2011/979032

41. Buckwalter JA, Mankin HJ, Grodzinsky AJ. Articular cartilage and osteoarthritis.
Instr Course Lect. (2005) 54:465-80.

42. Petrucci T, Barclay SJ, Gensemer C, Morningstar J, Daylor V, Byerly K, et al.
Phenotypic clusters and multimorbidity in hypermobile Ehlers-Danlos syndrome. Mayo
Clinic Proceed: Innov Quality & Outcomes. (2024) 8:253-62. doi: 10.1016/j.
mayocpiqo.2024.04.001

43. Demmler JC, Atkinson MD, Reinhold EJ, Choy E, Lyons RA, Brophy ST.
Diagnosed prevalence of Ehlers-Danlos syndrome and hypermobility spectrum disorder
in Wales, UK: a national electronic cohort study and case—control comparison. BMJ
Open. (2019) 9:€031365. doi: 10.1136/bmjopen-2019-031365

44. Hakim, A. Hypermobile Ehlers-Danlos Syndrome. 2004 Oct 22 [U%dated 2024
Feb 22]. In: Adam MP, Feldman J, Mirzaa GM, et al., editors. GeneReviews "~ [Internet].
Seattle (WA): University of Washington, Seattle. (2004). Available from: https://www.
ncbi.nlm.nih.gov/books/NBK1279/.

45. Gensemer C, Burks R, Kautz S, Judge DP, Lavallee M, Norris RA. Hypermobile
Ehlers-Danlos syndromes: complex phenotypes, challenging diagnoses, and poorly
understood causes. Dev Dyn. (2021) 250:318-44. doi: 10.1002/dvdy.220

46. Dy CJ, Mackinnon SE. Ulnar neuropathy: evaluation and management. Curr Rev
Musculoskelet Med. (2016) 9:178-84. doi: 10.1007/s12178-016-9327-x

47. Gensemer C, Daylor V, Nix J, Norris RA, Patel S. Co-occurrence of tethered cord
syndrome and cervical spine instability in hypermobile Ehlers-Danlos syndrome. Front
Neurol. (2024) 15:15. doi: 10.3389/fneur.2024.1441866

48. Lepperdinger U, Zschocke ], Kapferer-Seebacher I. Oral manifestations of Ehlers-
Danlos syndromes. Am ] Med Genet C: Semin Med Genet. (2021) 187:520-6. doi:
10.1002/ajmg.c.31941

49. Vounotrypidis P, Efremidou E, Zezos P, Pitiakoudis M, Maltezos E, Lyratzopoulos
N, et al. Prevalence of joint hypermobility and patterns of articular manifestations in
patients with inflammatory bowel disease. Gastroenterol Res Pract. (2009)
2009:924138:1-5. doi: 10.1155/2009/924138

50. Keer, R., and Grahame, R. (Eds.) (2003). Hypermobility Syndrome. Recognition
and Management for Physiotherapist. London: Butterworth Heinemann. doi: 10.1016/
B978-0-7506-5390-9.50006-X

51. Grigoriou E, Boris JR, Dormans JP. Postural orthostatic tachycardia syndrome
(POTS): association with Ehlers-Danlos syndrome and Orthopaedic considerations.
Clin Orthop Relat Res. (2015) 473:722-8. doi: 10.1007/s11999-014-3898-x

52.Mishra MB, Ryan P, Atkinson P. Extra-articular features of benign joint
hypermobility syndrome. Br ] Rheumatol. (1996) 35:861-6. doi: 10.1093/
rheumatology/35.9.861

53. Edimo CO, Wajsberg JR, Wong S, Nahmias ZP, Riley BA. The dermatological
aspects of hEDS in women. Int ] Women's Dermatol. (2021) 7:285-9. doi: 10.1016/j.
ijwd.2021.01.020

54. Morgan AW, Pearson SB, Davies S, Gooi HC, Bird HA. Asthma and airways
collapse in two heritable disorders of connective tissue. Ann Rheum Dis. (2007)
66:1369-73. doi: 10.1136/ard.2006.062224

Frontiers in Neurology

10.3389/fneur.2024.1458385

55.Ryan L, Beer H, Thomson E, Philcox E, Kelly C. Autistic traits correlate with
chronic musculoskeletal pain: a self-selected population based survey. OBM Neurobiol.
(2023) 7:1-21. doi: 10.21926/obm.neurobiol.2301155

56. Csecs JLL, Iodice V, Rae CL, Brooke A, Simmons R, Quadt L, et al. Joint
hypermobility links Neurodivergence to Dysautonomia and pain. Front Psychol. (2022)
12:786916. doi: 10.3389/fpsyt.2021.786916

57. Schubart JR, Schaefer E, Janicki P, Adhikary SD, Schilling A, Hakim A]J, et al.
Resistance to local anesthesia in people with the Ehlers-Danlos syndromes presenting
for dental surgery. ] Dental Anesthesia and Pain Med. (2019) 19:261-70. doi: 10.17245/
jdapm.2019.19.5.261

58. Schubert-Hjalmarsson E, Fasth A, Ickmans K, Mardbrink EL, Soderpalm AC,
Lundberg M. Central sensitization in adolescents with hypermobility spectrum disorder
or hypermobile Ehlers-Danlos syndrome—a feasibility study. Pilot and Feasibility Stud.
(2023) 9:97. doi: 10.1186/s40814-023-01320-3

59. Kucharik AH, Chang C. The relationship between hypermobile Ehlers-Danlos
syndrome (hEDS), postural orthostatic tachycardia syndrome (POTS), and mast cell
activation syndrome (MCAS). Clin Rev Allergy Immunol. (2020) 58:273-97. doi:
10.1007/s12016-019-08755-8

60. Baeza-Velasco C, Cohen D, Hamonet C, Vlamynck E, Diaz L, Cravero C, et al.
Autism, joint hypermobility-related disorders and pain. Front Psychol. (2018) 9:656. doi:
10.3389/fpsyt.2018.00656

61. Glans MR, Thelin N, Humble MB, Elwin M, Bejerot S. The relationship between
generalised joint hypermobility and autism Spectrum disorder in adults: a large, cross-
sectional, case control comparison. Front Psychol. (2022) 12:803334. doi: 10.3389/
fpsyt.2021.803334

62. Martin-Santos R, Bulbena A, Porta M, Gago ], Moilina L, Duro JC. Association
between the joint hypermobility syndrome and panic disorder. Am J Psychiatry. (1998)
155:1578-83. doi: 10.1176/ajp.155.11.1578

63. Pailhez G, Bulbena A, Fullana MA, Castafio J. Anxiety disorders and joint
hypermobility syndrome: the role of collagen tissue. Gen Hosp Psychiatry. (2009) 31:299.
doi: 10.1016/j.genhosppsych.2008.08.009

64. Eccles JA, Owens AP, Mathias C], Umeda S, Critchley HD. Neurovisceral
phenotypes in the expression of psychiatric symptoms. Front Neurosci. (2015) 9:4. doi:
10.3389/fnins.2015.00004

65. Pratt RL. Hyaluronan and the fascial frontier. Int ] Mol Sci. (2021) 22:6845. doi:
10.3390/ijms22136845

66. Amir A, Kim S, Stecco A, Jankowski MP, Raghavan P. Hyaluronan homeostasis
and its role in pain and muscle stiffness. PMe&R. (2022) 14:1490-6. doi: 10.1002/
pmrj.12771

67. Cowman MK, Schmidt TA, Raghavan P, Stecco A. Viscoelastic properties of
Hyaluronan in physiological conditions. F1000Research. (2015) 4:622. doi: 10.12688/
f1000research.6885.1

68. Stecco A, Cowman M, Pirri N, Raghavan P, Pirri C. Densification: Hyaluronan
aggregation in different human organs. Bioengineering. (2022) 9:159. doi: 10.3390/
bioengineering9040159

69. Duhon BH, Phan T'T, Taylor SL, Crescenzi RL, Rutkowski JM. Current mechanistic
understandings of lymphedema and lipedema: Tales of fluid, fat, and fibrosis. Int ] Mol
Sci. (2022) 23:6621. doi: 10.3390/ijms23126621

70. Shao P, Li H, Shi R, Li J, Wang Y. Understanding fascial anatomy and interfascial
communication: implications in regional anesthesia. ] Anesth. (2022) 36:554-63. doi:
10.1007/s00540-022-03082-3

71. Langevin HM, Keely P, Mao J, Hodge LM, Schleip R, Deng G, et al. Connecting
(T)issues: how research in fascia biology can impact integrative oncology. Cancer Res.
(2016) 76:6159-62. doi: 10.1158/0008-5472.CAN-16-0753

72. Tavianatou AG, Caon I, Franchi M, Piperigkou Z, Galesso D, Karamanos NK.
Hyaluronan: molecular size-dependent signaling and biological functions in
inflammation and cancer. FEBS J. (2019) 286:2883-908. doi: 10.1111/febs.14777

73. Wilke J, Behringer M. Is “delayed onset muscle soreness” a false friend? The
potential implication of the fascial connective tissue in post-exercise discomfort. Int |
Mol Sci. (2021) 22:9482. doi: 10.3390/ijms22179482

74. Guimberteau JC, Armstrong C. Architecture of human living fascia the
extracellular matrix and cells revealed through endoscopy. London, UK: Handspring
Publishing (2015).

75. Tsukahara K, Tamatsu Y, Sugawara Y, Shimada K. Relationship between the depth
of facial wrinkles and the density of the retinacula cutis. Arch Dermatol. (2012)
148:39-46. doi: 10.1001/archdermatol.2011.727

76. Purslow PP. The structure and role of intramuscular connective tissue in muscle
function. Front Physiol. (2020) 11:495. doi: 10.3389/fphys.2020.00495

77. Trotter JA, Purslow PP. Functional morphology of the endomysium in series
fibered muscles. ] Morphol. (1992) 212:109-22. doi: 10.1002/jmor.1052120203

78. Purslow PP, Trotter JA. The morphology and mechanical properties of
endomysium in series-fibred muscles: variations with muscle length. ] Muscle Res Cell
Motil. (1994) 15:299-308. doi: 10.1007/BF00123482

frontiersin.org


https://doi.org/10.3389/fneur.2024.1458385
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1002/jcb.24521
https://doi.org/10.1016/0140-1750(87)90035-2
https://doi.org/10.1007/s40279-021-01634-3
https://doi.org/10.1007/s40279-021-01634-3
https://doi.org/10.1249/JES.0000000000000205
https://doi.org/10.3390/ijms24054527
https://www.nuhs.edu/the-power-of-fascia/
https://www.nuhs.edu/the-power-of-fascia/
https://doi.org/10.1002/ca.23072
https://doi.org/10.1002/ca.24148
https://doi.org/10.1177/1941738109350438
https://doi.org/10.1155/2011/979032
https://doi.org/10.1016/j.mayocpiqo.2024.04.001
https://doi.org/10.1016/j.mayocpiqo.2024.04.001
https://doi.org/10.1136/bmjopen-2019-031365
https://www.ncbi.nlm.nih.gov/books/NBK1279/
https://www.ncbi.nlm.nih.gov/books/NBK1279/
https://doi.org/10.1002/dvdy.220
https://doi.org/10.1007/s12178-016-9327-x
https://doi.org/10.3389/fneur.2024.1441866
https://doi.org/10.1002/ajmg.c.31941
https://doi.org/10.1155/2009/924138
https://doi.org/10.1016/B978-0-7506-5390-9.50006-X
https://doi.org/10.1016/B978-0-7506-5390-9.50006-X
https://doi.org/10.1007/s11999-014-3898-x
https://doi.org/10.1093/rheumatology/35.9.861
https://doi.org/10.1093/rheumatology/35.9.861
https://doi.org/10.1016/j.ijwd.2021.01.020
https://doi.org/10.1016/j.ijwd.2021.01.020
https://doi.org/10.1136/ard.2006.062224
https://doi.org/10.21926/obm.neurobiol.2301155
https://doi.org/10.3389/fpsyt.2021.786916
https://doi.org/10.17245/jdapm.2019.19.5.261
https://doi.org/10.17245/jdapm.2019.19.5.261
https://doi.org/10.1186/s40814-023-01320-3
https://doi.org/10.1007/s12016-019-08755-8
https://doi.org/10.3389/fpsyt.2018.00656
https://doi.org/10.3389/fpsyt.2021.803334
https://doi.org/10.3389/fpsyt.2021.803334
https://doi.org/10.1176/ajp.155.11.1578
https://doi.org/10.1016/j.genhosppsych.2008.08.009
https://doi.org/10.3389/fnins.2015.00004
https://doi.org/10.3390/ijms22136845
https://doi.org/10.1002/pmrj.12771
https://doi.org/10.1002/pmrj.12771
https://doi.org/10.12688/f1000research.6885.1
https://doi.org/10.12688/f1000research.6885.1
https://doi.org/10.3390/bioengineering9040159
https://doi.org/10.3390/bioengineering9040159
https://doi.org/10.3390/ijms23126621
https://doi.org/10.1007/s00540-022-03082-3
https://doi.org/10.1158/0008-5472.CAN-16-0753
https://doi.org/10.1111/febs.14777
https://doi.org/10.3390/ijms22179482
https://doi.org/10.1001/archdermatol.2011.727
https://doi.org/10.3389/fphys.2020.00495
https://doi.org/10.1002/jmor.1052120203
https://doi.org/10.1007/BF00123482

Slater et al.

79. Schleip, R., and Bartsch, K. (2023). Fascia as a sensory and emotional organ: Fascia
as a sensory organ. Osteopathic medicine. 24, 4-10. doi: 10.1016/S1615-9071(23)00009-6

80. Schleip R. Fascial plasticity — a new neurobiological explanation part 2. ] Bodyw
Mov Ther. (2003) 7:104-16. doi: 10.1016/S1360-8592(02)00076-1

81.Patel TJ, Lieber RL. Force transmission in skeletal muscle: from
actomyosin to external tendons. Exerc Sport Sci Rev. (1997) 25:321-63. doi:
10.1249/00003677-199700250-00014

82. Stecco L. Atlas of physiology of the muscular fascia Padula, Italy: Piccin-Nuova
Libraria (2016).

83. Huijing PA, van de Langenberg RW, Meesters JJ, Baan GC. Extramuscular
myofascial force transmission also occurs between synergistic muscles and
antagonistic muscles. J Electromyogr Kinesiol. (2007) 17:680-9. doi: 10.1016/j.
jelekin.2007.02.005

84. Huijing PA. Muscle as a collagen fiber reinforced composite: a review of force
transmission in muscle and whole limb. Journal of Biomechanics. (1999) 32:329-345.
doi: 10.1016/50021-9290(98)00186-9

85. Charkoudian N. Skin blood flow in adult human thermoregulation: how it works,
when it does not, and why. Mayo Clin Proc. (2003) 78:603-12. doi: 10.4065/78.5.603

86. Molderings GJ, Haenisch B, Brettner S, Homann J, Menzen M, Dumoulin FL, et al.
Pharmacological treatment options for mast cell activation disease. Naunyn
Schmiedeberg's Arch Pharmacol. (2016) 389:671-94. doi: 10.1007/s00210-016-1247-1

87.Rama TA, Castells M. Triggers of anaphylaxis in Mastocytosis patients: evidence
of the current drug-avoidance recommendation. Curr Treat Options Allergy. (2023)
10:442-57. doi: 10.1007/540521-023-00349-2

88. McLaughlin PJ, Odom LB, Arnett PA, Orehek S, Thomas GA, Zagon IS. Low-
dose naltrexone reduced anxiety in persons with multiple sclerosis during the
COVID-19 pandemic. Int Immunopharmacol. (2022) 113:109438. doi: 10.1016/j.
intimp.2022.109438

89. Keshen A, Bartel S, Frank GKW, Svedlund NE, Nunes A, Dixon L, et al. The
potential role of stimulants in treating eating disorders. Int J Eat Disord. (2022)
55:318-31. doi: 10.1002/eat.23650

90. Zain E, Sugimoto A, Egawa ], Someya T. Case report: methylphenidate improved
chronic pain in an adult patient with attention deficit hyperactivity disorder. Front
Psychol. (2023) 14:1091399. doi: 10.3389/fpsyt.2023.1091399

91. Fede C, Petrelli L, Pirri C, Neuhuber W, Tiengo C, Biz C, et al. Innervation of
human superficial fascia. Front Neuroanat. (2022) 16:981426-6. doi: 10.3389/
fnana.2022.981426

92. Suarez-Rodriguez, V., Fede, C., Pirri, C., Petrelli, L., Loro-Ferrer, J. E,
Rodriguez-Ruiz, D., et al. (2022). Fascial Innervation: A Systematic Review of the
Literature. Int. J. Mol. Sci. 23:5674. doi: 10.3390/ijms23105674

93.Zhou, W. B. S., Meng, J., and Zhang, J. (2021). Does Low Grade Systemic
Inflammation Have a Role in Chronic Pain? Front Mol Neurosci. 14:785214. doi: 10.3389/
fnmol.2021.785214

94.Ji RR, Xu ZZ, Gao YJ. Emerging targets in neuroinflammation-driven chronic
pain. Nat Rev Drug Discov. (2014) 13:533-48. doi: 10.1038/nrd4334

95. Barsotti N, Chiera M, Lanaro D, Fioranelli M. Impact of stress, immunity, and
signals from endocrine and nervous system on fascia. Front Biosci-Elite. (2020) 13:1-36.
doi: 10.2741/870

96. Petrey AC, de la Motte CA. Hyaluronan, a crucial regulator of inflammation. Front
Immunol. (2014) 5:101. doi: 10.3389/fimmu.2014.00101

97. Frangogiannis NG. Transforming growth factor—p in tissue fibrosis. J Exp Med.
(2020) 217:€20190103. doi: 10.1084/jem.20190103

98.Sivamani RK, Pullar CE, Manabat-Hidalgo CG, Rocke DM, Carlsen RC,
Greenhalgh DG, et al. Stress-mediated increases in systemic and local epinephrine
impair skin wound healing: potential new indication for Beta blockers. PLoS Med.
(2009) 6:€1000012. doi: 10.1371/journal.pmed.1000012

99. Tozzi P. Does fascia hold memories? ] Bodyw Mov Ther. (2014) 18:259-65. doi:
10.1016/j.jbmt.2013.11.010

100. Landén NX, Li D, Stdhle M. Transition from inflammation to proliferation: a
critical step during wound healing. Cell Mol Life Sci. (2016) 73:3861-85. doi: 10.1007/
s00018-016-2268-0

101. Molfino A, Aversa Z, Muscaritoli M. Cortisol and the muscle-bone axis.
Osteoporos Int. (2014) 25:2331-2. doi: 10.1007/s00198-014-2784-4

102. Hardy RS, Zhou H, Seibel MJ, Cooper MS. Glucocorticoids and bone:
consequences of endogenous and exogenous excess and replacement therapy. Endocr
Rev. (2018) 39:519-48. doi: 10.1210/er.2018-00097

Frontiers in Neurology

08

10.3389/fneur.2024.1458385

103. Carabotti M, Scirocco A, Maselli MA, Severi C. The gut-brain axis: interactions
between enteric microbiota, central and enteric nervous systems. Annals Gastroenterol:
Q Pub Hellenic Society of Gastroenterol. (2015) 28:203-9.

104. Breit S, Kupferberg A, Rogler G, Hasler G. Vagus nerve as modulator of the
brain-gut Axis in psychiatric and inflammatory disorders. Front Psychol. (2018) 9:44.
doi: 10.3389/fpsyt.2018.00044

105. Kerekes N, Sanchéz-Pérez AM, Landry M. Neuroinflammation as a possible link
between attention-deficit/hyperactivity disorder (ADHD) and pain. Med Hypotheses.
(2021) 157:110717. doi: 10.1016/j.mehy.2021.110717

106. Schilder A, Hoheisel U, Magerl W, Benrath J, Klein T, Treede RD. Sensory
findings after stimulation of the thoracolumbar fascia with hypertonic saline suggest
its contribution to low back pain. Pain. (2014) 155:222-31. doi: 10.1016/j.
pain.2013.09.025

107. Fede C, Pirri C, Petrelli L, Guidolin D, Fan C, de Caro R, et al. Sensitivity of the
fasciae to the endocannabinoid system: production of Hyaluronan-rich vesicles and
potential peripheral effects of cannabinoids in fascial tissue. Int ] Mol Sci. (2020) 21:2936.
doi: 10.3390/ijms21082936

108. Afrin LB, Butterfield JH, Raithel M, Molderings GJ. Often seen, rarely recognized:
mast cell activation disease — a guide to diagnosis and therapeutic options. Ann Med.
(2016) 48:190-201. doi: 10.3109/07853890.2016.1161231

109. Smith PK, Collins J. Olopatadine 0.6% nasal spray protects from vasomotor
challenge in patients with severe vasomotor rhinitis. American ] Rhinol Allergy. (2011)
25:€149-52. doi: 10.2500/ajra.2011.25.3620

110. Molderings GJ, Afrin LB. A survey of the currently known mast cell mediators
with potential relevance for therapy of mast cell-induced symptoms. Naunyn
Schmiedeberg's Arch Pharmacol. (2023) 396:2881-91. doi: 10.1007/s00210-023-02545-y

111. Navinés-Ferrer A, Serrano-Candelas E, Lafuente A, Mufioz-Cano R, Martin M,
Gastaminza G. MRGPRX2-mediated mast cell response to drugs used in perioperative
procedures and anaesthesia. Sci Rep. (2018) 8:11628. doi: 10.1038/s41598-018-29965-8

112. Pefa-Martinez VM, Acosta-Olivo C, Tamez-Mata Y, Simental-Mendia LE, Blazquez-
Saldafia J, Vilchez-Cavazos E et al. Normal saline injection produces a therapeutic effect in
patients with plantar fasciitis: a systematic review and meta-analysis of randomized
controlled trials. Foot Ankle Surg. (2022) 28:1129-38. doi: 10.1016/j.fas.2022.04.005

113. Thompson JS, Thornton AC, Ainger T, Garvy BA. Long-term high-dose
immunoglobulin successfully treats Long COVID patients with pulmonary, neurologic,
and cardiologic symptoms. Front Immunol. (2023) 13:1033651. doi: 10.3389/
fimmu.2022.1033651

114. Krystel-Whittemore M, Dileepan KN, Wood JG. Mast cell: a multi-functional
master cell. Front Immunol. (2016) 6:620. doi: 10.3389/fimmu.2015.00620

115. da Silva EZM, Jamur MC, Oliver C. Mast cell function. J Histochem Cytochem.
(2014) 62:698-738. doi: 10.1369/0022155414545334

116. Moon TC, Befus AD, Kulka M. Mast cell mediators: their differential release and the
secretory pathways involved. Front Immunol. (2014) 5:569. doi: 10.3389/fimmu.2014.00569

117. Caughey GH. Mast cell tryptases and chymases in inflammation and host
defense. Immunol Rev. (2007) 217:141-54. doi: 10.1111/j.1600-065X.2007.00509.x

118. Singh J, Shah R, Singh D. Targeting mast cells: uncovering prolific therapeutic role in
myriad diseases. Int Immunopharmacol. (2016) 40:362-84. doi: 10.1016/j.intimp.2016.09.019

119. Li H, Guo Z, Xiangdong Q. Role of mechanical stimulus in mast cell activation.
Digital Med. (2024) 10:e23. doi: 10.1097/DM-2023-00014

120. Boyden SE, Desai A, Cruse G, Young ML, Bolan HC, Scott LM, et al. Vibratory
Urticaria associated with a missense variant in ADGRE2. N Engl ] Med. (2016)
374:656-63. doi: 10.1056/NEJMoal500611

121. Molderings GJ, Brettner S, Homann J, Afrin LB. Mast cell activation disease: a
concise practical guide for diagnostic workup and therapeutic options. ] Hematol Oncol.
(2011) 4:10. doi: 10.1186/1756-8722-4-10

122. Blitshteyn S. Dysautonomia, hypermobility Spectrum disorders and mast cell
activation syndrome as migraine comorbidities. Curr Neurol Neurosci Rep. (2023)
23:769-76. doi: 10.1007/s11910-023-01307-w

123. Sims ST, Yeager S. Next Level. Your guide to kicking ass, feeling great, and
crushing goals through menopause and beyond. New York: Rodale Books (2022).

124. Vita M, Sedlackova Z, Herman M, Furst T, Smekal D, Cech Z. Influence of female
hormones on fascia elasticity: an elastography study. Clin Anat. (2019) 32:941-7. doi:
10.1002/ca.23428

125. Ruschak I, Montes6-Curto P, Rossell6 L, Aguilar Martin C, Sinchez-Montes6 L,
Toussaint L. Fibromyalgia syndrome pain in men and women: a scoping review. Health.
(2023) 11:223. doi: 10.3390/healthcare11020223

frontiersin.org


https://doi.org/10.3389/fneur.2024.1458385
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1016/S1615-9071(23)00009-6
https://doi.org/10.1016/S1360-8592(02)00076-1
https://doi.org/10.1249/00003677-199700250-00014
https://doi.org/10.1016/j.jelekin.2007.02.005
https://doi.org/10.1016/j.jelekin.2007.02.005
https://doi.org/10.1016/S0021-9290(98)00186-9
https://doi.org/10.4065/78.5.603
https://doi.org/10.1007/s00210-016-1247-1
https://doi.org/10.1007/s40521-023-00349-2
https://doi.org/10.1016/j.intimp.2022.109438
https://doi.org/10.1016/j.intimp.2022.109438
https://doi.org/10.1002/eat.23650
https://doi.org/10.3389/fpsyt.2023.1091399
https://doi.org/10.3389/fnana.2022.981426
https://doi.org/10.3389/fnana.2022.981426
https://doi.org/10.3390/ijms23105674
https://doi.org/10.3389/fnmol.2021.785214
https://doi.org/10.3389/fnmol.2021.785214
https://doi.org/10.1038/nrd4334
https://doi.org/10.2741/870
https://doi.org/10.3389/fimmu.2014.00101
https://doi.org/10.1084/jem.20190103
https://doi.org/10.1371/journal.pmed.1000012
https://doi.org/10.1016/j.jbmt.2013.11.010
https://doi.org/10.1007/s00018-016-2268-0
https://doi.org/10.1007/s00018-016-2268-0
https://doi.org/10.1007/s00198-014-2784-4
https://doi.org/10.1210/er.2018-00097
https://doi.org/10.3389/fpsyt.2018.00044
https://doi.org/10.1016/j.mehy.2021.110717
https://doi.org/10.1016/j.pain.2013.09.025
https://doi.org/10.1016/j.pain.2013.09.025
https://doi.org/10.3390/ijms21082936
https://doi.org/10.3109/07853890.2016.1161231
https://doi.org/10.2500/ajra.2011.25.3620
https://doi.org/10.1007/s00210-023-02545-y
https://doi.org/10.1038/s41598-018-29965-8
https://doi.org/10.1016/j.fas.2022.04.005
https://doi.org/10.3389/fimmu.2022.1033651
https://doi.org/10.3389/fimmu.2022.1033651
https://doi.org/10.3389/fimmu.2015.00620
https://doi.org/10.1369/0022155414545334
https://doi.org/10.3389/fimmu.2014.00569
https://doi.org/10.1111/j.1600-065X.2007.00509.x
https://doi.org/10.1016/j.intimp.2016.09.019
https://doi.org/10.1097/DM-2023-00014
https://doi.org/10.1056/NEJMoa1500611
https://doi.org/10.1186/1756-8722-4-10
https://doi.org/10.1007/s11910-023-01307-w
https://doi.org/10.1002/ca.23428
https://doi.org/10.3390/healthcare11020223

	Fascia as a regulatory system in health and disease
	1 Introduction
	2 The regulatory role of fascia
	2.1 Why fascia matters
	2.2 Functions of fascia
	2.3 Components of fascia
	2.4 Functional demand specialization
	2.5 Recognizing fascia dysregulation

	3 Fascia, exercise and locomotion
	3.1 Hyaluronan: lubricant or glue?
	3.2 Muscles, posture and movement

	4 Fascia and regulation
	4.1 Fascia and neuroregulation
	4.2 Inflammation, stress, anesthesia and pain
	4.3 Mast cells and neuro-immuno-endocrine regulation
	4.4 Hormonal regulation in muscular fascia

	5 Conclusion
	5.1 Implications for practice and research

	Author contributions

	 References

