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The Myodural Bridge (MDB) is a physiological structure that is highly conserved in mammals and many
of other tetrapods. It connects the suboccipital muscles to the cervical spinal dura mater (SDM) and
transmits the tensile forces generated by the suboccipital muscles to the SDM. Consequently, the
MDB has broader physiological potentials than just fixing the SDM. It has been proposed that MDB
significantly contributes to the dynamics of cerebrospinal fluid (CSF) movements. Animal models of
suboccipital muscle atrophy and hyperplasia were established utilizing local injection of BTX-A and
ACE-031. In contrast, animal models with surgical severance of suboccipital muscles, and without any
surgical operation were set as two types of negative control groups. CSF secretion and reabsorption
rates were then measured for subsequent analysis. Our findings demonstrated a significant increase

in CSF secretion rate in rats with the hyperplasia model, while there was a significant decrease in rats
with the atrophy and severance groups. We observed an increase in CSF reabsorption rate in both

the atrophy and hyperplasia groups, but no significant change was observed in the severance group.
Additionally, ourimmunohistochemistry results revealed no significant change in the protein level of
six selected choroid plexus-CSF-related proteins among all these groups. Therefore, it was indicated
that alteration of MDB-transmitted tensile force resulted in changes of CSF secretion and reabsorption
rates, suggesting the potential role that MDB may play during CSF circulation. This provides a unique
research insight into CSF dynamics.

Cerebrospinal fluid (CSF) is a clear liquid that is found in the ventricles and subarachnoid space of the central
nervous system (CNS) and is the major extracellular fluid of the CNS"2 CSF plays an important role in a number
of physiological processes. As a buoyant medium, CSF provides mechanical support and reduces the effective
weight of the brain by allowing it to float®>. CSF also helps to cushion the brain and spinal cord from pressure,
especially during trauma®. Additionally, CSF is responsible for nourishing neural tissue and removing metabolic
waste products from the CNS*?. Together with intracranial vessels, CSF also helps to maintain homeostasis in
the intracranial environment*. Thus, the regulation of CSF circulation is critical for CNS health®. CSF circulation
involves the production, drainage, and reabsorption of fluid within the CNS"*. Compare to the CSF in spinal
tube, ventricular CSF features more clinical implications. The cellular lining of the ventricle both can produce
and is responsive to CSE. Anomalies of the CSF/ventricular system serve as diagnostics and may cause CNS dis-
orders, further highlighting their importance®. While the flow direction, velocity, and quantity of CSF have been
studied, the precise mechanism of CSF circulation remains unclear’~'°. However, it is thought to be influenced
by factors such as arterial pulsations, respiratory movements, body position, intracranial blood circulation, and
the myodural bridge (MDB)"-14,

The fibrous structure known as the MDB connects the suboccipital musculature to the cervical spinal dura
mater (SDM) via the atlantooccipital and atlantoaxial interspace!>!®. Comparative anatomical studies have
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revealed that the MDB is an evolutionarily conserved structure found in both terrestrial and marine mammals,
reptiles, and birds'”~?°. The MDB’s shape, location, fiber properties, and bridging characteristic have led to
several speculated functions, including preventing in-folding of the SDM during head extension, transmitting
proprioception, maintaining the integrity of the subarachnoid space, and affecting CSF circulation®!-*. To better
understand the MDB’s functions, Zheng et al** proposed the concept of the MDB complex (MDBC), an inte-
grated functional unit involving several muscles, ligaments, and MDB fibers, in this study, the authors suggested
that the CSF circulation could be changed by cervical body motion after the status of MDBC has been changed.

However, it has been argued that CSF dynamics is influenced in quadrupeds with a minor exposition to
hydrostatic forces by their more horizontally oriented aqueduct, and thus body motions in quadrupeds may be
more critical regulators to CSF dynamics compare to humans®. And for humans, the aqueduct is at more of a
vertical position, and thus the humans may require more powers to equilibrate CSF against hydrostatic forces;
even so, up to date, the direct experimental evidence showing hydrostatic force is the key factor for CSF circula-
tion remains missing.

However, previous studies have demonstrated that in humans, head rotation and nodding can alter the vol-
ume, velocity, and pressure of CSF flow'*?. Furthermore, experiments conducted on dogs have suggested that
in humans, MDB and body motions have strong potentials to play a role in CSF circulation through control-
ling the suboccipital muscles®. Moreover, our previous study revealed that hyperplasia of suboccipital muscles
lead to increased intracranial pressure in rats®’, suggesting the body motion, MDBC dysfunction, and pressure
changes inside the CSF circulation pathways are correlated to each other, together form a dynamic equilibrium.
More to the point, patients with Chiary I malformation exhibited hindered CSF dynamics®, suggested that
without changes in upright position or hydrostatic forces of human CSEF, a local malformation or dysfunction
at cervical level could be enough to unbalance the CSF dynamics or circulation in humans. These collectively
suggested that not only the hydrostatic forces, MDBC is highly possible to be one of the key regulatory factors in
CSF dynamics of humans as well. As this result, although these studies only examined or implied the transient
effects of MDB on CSF circulation, it is indicative that a quadrupeds animal model with MDBC dysfunction is
capable to be a human mimicry.

It is why the power system of human CSF is still under debate. We in all time believe that humans need more
against hydrostatic forces, but at the same time we do not believe the hydrostatic forces plays the key role in CSF
dynamics. It must be regulated by multiple factors.

BTX-A is a bacterial exotoxin that targets the neuromuscular junction, inhibiting the release of acetylcholine
from nerve terminals, which can cause muscle atrophy?. BTX-A injections have been used for aesthetic treat-
ments such as wrinkle reduction, as well as for treating muscle spasticity and hypertrophy®. Animals treated
with BTX-A exhibited significantly reduced muscle mass and corresponding decreases in muscle strength®'.
ACE-031 is a specific inhibitor of myostatin, also known as GDF-8, a secreted protein that regulates muscle
size and function by suppressing myocyte proliferation and differentiation®**. Natural or artificially induced
myostatin mutations have been shown to cause marked muscle hypertrophy, resulting from both muscle cell
hyperplasia and hypertrophy****. ACE-031 binds competitively to myostatin proteins, antagonizes the normal
myostatin receptor ACTVIIb, and blocks the downstream signaling pathway of myostatin, resulting in a physi-
ological dysfunction of myostatin proteins®’. A previous study has verified that myostatin local blockage with
ACE-031 can increase muscle strength?’.

In this study, the researchers injected BTX-A and ACE-031 into rats’ suboccipital muscles to create suboccipi-
tal muscle atrophy (BTX-A group) and hyperplasia (MSTN group) animal models, respectively. For the negative
control, the researchers established a suboccipital muscles severed group (SEV group) to surgically eliminate the
physiological functions of the suboccipital muscles. Meanwhile, another group without any surgical operation
was established as a wild-type control (CTL group). The researchers then measured the secretion rate of CSF in
live rats by blocking the aqueduct of Sylvius and inserting a glass capillary into the lateral ventricle’®*”. The rate
of CSF secretion was taken as the rate of CSF formation (V;)*. The researchers also selected six CP-CSF-related
proteins to study the secretion mechanism of CSF**-*4, Over last two decades, studies showed that the olfactory
lymphatic pathway seemed the main way of CSF absorption, rather than arachnoid villus*-*". To evaluate the rate
of CSF reabsorption (V,), the researchers used SPECT/CT to detect the radioactive intensity of the turbinate area
after lateral cerebral ventricle injection of radionuclide. By analyzing both Vyand V,, the researchers explored the
mechanism of how muscle strength alteration could lead to different pulling effects of the MDB and changes in
CSF dynamics. The results of the study may support the theory that MDBC could be one of the factors affecting
the dynamic circulation of CSF and provide unique insights into the mechanism of CSF dynamics.

Materials and methods

Ethics statement

This study adhered strictly to the guidelines outlined in the "Guide for the Care and Use of Laboratory Animals"
as presented by the National Institutes of Health. The experimental protocol was approved by the Committee
on the Ethics of Animal Experiments at Dalian Medical University. All surgical procedures were conducted
using Avertin anesthesia, and all possible measures were taken to minimize any potential discomfort or pain
experienced by the animals involved. This study was carried out in compliance with the ARRIVE guidelines.

Animals

Male rats were utilized in this study, and all experimental rats were obtained from different female rats and raised
from 8 weeks of age for subsequent experiments. The animals were housed in a controlled environment with a
12-h light cycle and ad libitum access to standard rodent diet (Medicience Ltd. Jiangsu, China) and water. Four
experimental groups were established for this study, consisting of 46 animals randomly divided into MSTN group
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(n=13), CTL group (n=13), BTX-A group (n=10), and SEV group (n=10). Prior to and 2 weeks after model
establishment, measurements of weight, food intake, and water intake were obtained to evaluate the baseline
physiological conditions among the groups. Ethical guidelines were strictly followed in the care and use of the
laboratory animals, and the study protocol was approved by the Committee on the Ethics of Animal Experiments
of the Dalian Medical University.

Animal models establishment
To control the surgical interference, a group of animals without any surgical operation was firstly established as
a wild-type control in contrast (CTL, n=10).

For the other experimental groups of the present study, prior to the surgery and injection procedure, all rats
were fasted overnight. Anaesthesia was induced using a 2.5% Avertin (Sigma-Aldrich, USA) solution admin-
istered through intraperitoneal injection. All experimental animals were set on stereotaxic apparatus for the
subsequent surgical procedures (RWD68025, RWD, China). A 1.5-2 cm incision was made on the dorsal side
of the rat’s neck to expose the superficial muscle layer until the midline was visible (Fig. 1 B1). The superficial
muscle was then incised along the midline to expose the RCDma (Fig. 1 B2). In the suboccipital muscles severed
group of rats (SEV, n=10), the RCDma and RCDmi were cut along the posterior border of the occipital bone with
a scalpel until the dura was visible (Fig. 1 B3-SEV). The RCDma and RCDmi were then separated and taken out
along the lateral border of the muscles, and the severed ends of the muscles were cauterized with an alternating
current-operated bipolar coagulation device to stop the bleeding and prevent re-connecting to the occiput (Fig. 1
B3-SEV’). The superficial muscles and skin were sutured separately to complete the procedure (Fig. 1 B4). For
the BTX-A and ACE-031 local injection group of rats (BTX-A, n=10; MSTN, n=13), the entry point was 2 mm
below the inferior margin of the occiput, and 5 mm to the left and right of the midline. A 25 pl micro syringe with
a calibre of 0.22 mm (32G) was used for all the injections. The angle of the injections was made perpendicular
to the inferior surface of the occiput (Fig. 1 B3-BTX-A/MSTN). Once the pinhead touched the posterior edge
of the occiput, it was withdrawn by 0.5 mm to ensure it was located in the RCDmi, while it was withdrawn by
5 mm to be in the RCDma. Each rat was injected on both sides of the RCDmi and RCDma. Every injection was
performed at a constant speed at 1p/sec during the entire process. In the BTX-A group, 5 ul BTX-A (Lanzhou
Institute of Biological Products Co., LTD, China) was injected at a concentration of 0.05U/ul into each muscle,
totalling 20 ul per rat. Similarly, in the MSTN group, a total of 20 pl ACE-031 (Crystal Chemical Inc., IL, USA)
was injected at a concentration of 50 ng/pl into each muscle. Following the injection procedure, the superficial
muscles and skin were sutured separately to complete the operation (Fig. 1 B4).

CSF secretion rate measurement

Two weeks after model establishment, the CSF secretion rate was quantified in accordance with the modified
method described by Karimy et al*® and Liu et al*’. Rats were anesthetized with avertin and then fixed onto a
stereotaxic apparatus (RWD68025, RWD, China). A small hole, approximately 0.6 mm in diameter, was drilled
above the right lateral ventricle using a dental drill. The coordinates for the hole (insertion point), relative to
bregma, were x=1.5 mm and y=0.5 mm (Fig. 3B). Following the removal of the incisor bar, the rat’s head was
rotated 90° on the ear bar, with its nose oriented vertically downwards. The superficial muscles were dissected
to expose the skin, and a trocar was inserted into the fourth ventricle through the posterior atlanto-occipital
membrane. The needle core was removed, and clear CSF appeared in the sterile elastic catheter (PE-20). The
catheter was advanced 5 mm deeper to enter the fourth ventricle, following which sterile molecular-grade min-
eral oil (100 ul; Sigma-Aldrich) was injected into the fourth ventricle to obstruct the circulation of CSF in the
aqueduct of Sylvius. To avoid any blockages caused by brain parenchyma, a first glass capillary (OD, 0.6 mmy;
ID, 0.5 mm; VitroCom) was inserted 0.6 mm deep into the right lateral ventricle, then taken out. Subsequently,
a second glass capillary (with the same dimensions as the first) was inserted along the same path. The amount of
CSF flowing into the capillary was measured after a 10-min wait (Fig. 3A). The volume of CSF (V) (Fig. 3D) was
calculated using the formula for the volume of a cylinder: V (mm?®) = 7-r%.d, where r is the radius of the capillary
(0.25 mm) and d is the distance that CSF moves in the capillary. The rate of CSF formation (pl/min) was then
calculated from the slope of the volume-time relationship.

Moreover, to assess the efficacy of mineral oil in obstructing the aqueduct of Sylvius, and to confirm the
insertion of the catheter reaches the fourth ventricle, before we actually started to test the CSF secretion rates,
a blockage test was conducted. Similar to the procedure which was described above, right after the oil injec-
tion into the fourth ventricle, the rat’s head was positioned horizontally (back to normal position), and 20 pl of
eosin was slowly injected at a rate of 5 ul/min using a micro syringe. To ensure proper staining, the syringe was
removed after 10 min of injection. The rat’s brain was extracted following a standard perfusion process, and sliced
horizontally to visualize all ventricles at the same level. The staining of each ventricular wall was observed under
real-time conditions, no staining or damage could be seen on any parts of brain tissues; thereby confirmed the
efficacy of the oil blockage as well as the positioning of the fourth and the lateral ventricle insertion. All images
were captured using a Canon EOS 7D Mark II digital SLR camera (Canon Inc., Tokyo, Japan) (Fig. 3C).

CSF reabsorption rate measurement

Two weeks after the establishment of the animal models, the CSF reabsorption rate was measured using standard
procedures. Specifically, rats were prepared as described previously, up to the point of skull hole drilling and with
their heads placed in a horizontal position. A micro syringe containing 15 ul Technetium 99-labeled diethylene-
triamine-pentaacetate (99mTc-DTPA), a radioactive tracer, was inserted 0.6 mm deep into the right-side lateral
ventricle and injected at a rate of 3 pl/min (see Fig. 5A). The syringe was left in place for an additional 1-2 min
after injection to prevent reflux of the tracer and promote its circulation in the CSE. The hole was immediately
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sealed with bone wax upon removal of the syringe. Subsequently, a SPECT/CT scan (SIEMENS Symbia Intevo
6) was conducted for 25 min (5 frames at 1 frame/3 min, followed by 10 frames at 1 frame/min), immediately
followed by a normal CT scan. The 25-min-delayed radioactivity intensity in the region of interest, i.e., the tur-
binate area, was used to evaluate the reabsorption rate of CSF circulation (see Fig. 5B). After scanning, the rats
were euthanized and placed in the nuclear decay zone for radioactive decay. All procedures in this section were
performed under radio-protection.

Likewise, the reabsorption efficiency of the turbinate area was assessed and visualized. The procedures were
the same as those described above, with the only difference being the tracer injected, which was altered to 50 pl
1.5% Evans blue dye (Yuanye, Shanghai, China). After 25 min, the rat was euthanized, decapitated, and subjected
to a median sagittal incision to examine the turbinate tissues under direct vision (see Fig. 5C). Images were
captured using a Canon 7D camera.

Western blot

The protein concentrations were quantified using the BCA method (Micro BCA protein Assay Reagent Kit;
Thermo Fisher Scientific Inc. Waltham, MA, USA), and 20 pg of protein were loaded into each lane of the western
blot (protein immunoblot) for analysis of myostatin expression levels. Specifically, to assess myostatin expres-
sion, equal amounts of protein extracted from the RCDma and the RCDmi, the semispinalis capitis muscle and
the gastrocnemius muscles obtained from the MSTN group (n=3) and the CTL group (n=3) were subjected
to western blot. The rats were sacrificed two weeks after local injections, and their RCDma, RCDmi, and gas-
trocnemius muscles were extracted and frozen in liquid nitrogen. The anti-myostatin (GDF-8) was produced in
goats (AF788, R&D systems, MN, USA), and the anti-a-tubulin was produced in rabbits (KG22771, KeyGEN
BioTECH Co., Beijing, China) and used as the primary antibodies. Furthermore, the secondary antibodies, HRP-
conjugated anti-Goat IgG (GE Healthcare) and HRP-conjugated anti-Rabbit IgG (GE Healthcare), were diluted
in TBS with Tween-20 (TBST) in 5% skim milk. The bands were detected using ECL prime (GE Healthcare), and
the experimental protocol was performed according to the manufacturer’s instructions.

Histology and microscopy

Following conventional perfusion and fixation, tissue samples comprising suboccipital muscle tissue, occipital
bone, atlas, axis, and semispinalis capitis muscle were decalcified with ethylenediaminetetraacetic acid disodium
salt (Na,EDTA«2H,0). Thereafter, regular paraffin embedding was performed, and 8-um thick sections were
obtained using a rotary microtome (Leica Micro HM450; Leica Microsystems GmbH, Wetzlar, Germany). To
verify the result of model building, Masson trichrome (aniline blue) stained sections were photographed using a
Nikon NIS image system (Nikon Eclipse 80i, Nikon, Tokyo, Japan). Additionally, Masson trichrome (light green)
staining was also performed on RCDma and RCDmi to measure myocyte cross-section area and evaluate mus-
cle condition after local injection. The results of the staining were quantified using Image-] software (National
Institutes of Health). At least 100 myocytes were measured per animal to assess myocyte condition.

Immunohistochemistry

In this study, two weeks after surgery, rats were euthanized and their brains were perfused with 4% paraform-
aldehyde. Choroid plexus in lateral ventricles were prepared for immunohistochemistry (IHC) after regular
paraffin embedding. The primary antibodies used were AQP-1 mouse monoclonal antibody from Santa Cruz
Biotechnology (1:500), AQP-4 mouse monoclonal antibody from Bioss (1:200), OTX-2 mouse monoclonal
antibody from Santa Cruz Biotechnology (1:500), TTR sheep polyclonal antibody from Santa Cruz Biotechnol-
ogy (1:400), KCNE-2 rabbit monoclonal antibody from Bioss (1:200), and Na + -k + - ATPase rabbit monoclonal
antibody from Signalway Antibody (1:400). The incubation with the primary antibodies occurred for 18 h at 4
°C according to the product manual, and the negative control group used PBS instead of the primary antibody.
Visualization was performed with HRP-conjugated secondary antibodies (Biotin-labeled goat anti-rabbit IgG
(ZSGB-BIO); Biotin-labeled goat anti-mouse IgG (ZSGB-BIO); Biotin-labeled rabbit anti-sheep IgG (Signalway
Antibody) and DAB. All stained sections were photographed using a Nikon NIS image system (Nikon Eclipse
801, Nikon, Tokyo, Japan), and the optical density was semi-quantified using Image-J software (N.L.H.)*.

Statistics
Statistical analysis was carried out using Prism 8.0 (Graphpad Software) and Microsoft Excel Statistics Toolkit
(Microsoft). Paired t-tests were applied. Results shown are mean + SEM, a p-value of <0.05 was statistically
significant.

Results
Local injection of ACE-031 and BTX-A, as well as severance operation resulted in muscle status
changes of RCDma and RCDmi
The study measured weight, food intake, and water intake before and 2 weeks after model establishment for each
group of rats (Fig. 1A). There was no significant difference observed among the four groups of pre-operation rats.
However, after modelling, only the SEV group showed significant differences in weight, food intake, and water
intake relative to the CTL group, which could be attributed to the severance injury of suboccipital muscles. These
results indicated that the basic physiological condition background among groups was relatively consistent, and
no significant effect would give rise to the results of subsequent experiments.

The study established suboccipital muscle hyperplasia and atrophy models after a single local injection of
ACE-031 and BTX-A for 2 weeks. Western blot analysis was utilized to measure the levels of Myostatin (GDF-8)
of RCDma and RCDmi since ACE-031 targets Myostatin (GDF-8). Gastrocnemius and splenius capitis muscle
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Figure 1. The basic physiological conditions of all groups’ rats and the modeling procedures. (A) body weight,
food intake/body weight ratio, and water intake/body weight ratio comparison before and 2 weeks after model
establishment: 1 and 2. comparison of body weight before and 2 weeks after modeling, 3 and 4. comparison of
food intake/body weight ratio before and 2 weeks after modeling, 5 and 6. comparison of water intake/body
weight ratio before and 2 weeks after modeling. (B) operation method of BTX-A and MSTN groups and SEV
group: 1. a median sagittal incision was made on the skin and the superficial layer of muscles, 2. the RCDma
muscles was exposed, 3-BTX-A/MSTN. the injection point was located, 3-SEV. the RCDma and RCDmi
muscles was cut along the posterior border of the occipital bone, 3-SEV”. The RCDma and RCDmi muscles were
removed and then cauterized, 4. suture the superficial layer muscles and skin respectively. CTL, control group;
SEV, severance group; BTX-A, BTX-A local injection group; MSTN, ACE-031 local injection group. *, P<0.05;
**, P<0.01; ns, no significance.
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were used as controls (Fig. 2E). The study observed an obvious inhibition of GDF-8 gene in RCDma and RCDmi,
with no level change in gastrocnemius and splenius capitis muscle (Fig. 2F).

Histological analysis of all four groups was conducted to verify the results of modelling. Relative to the CTL
group, parasagittal sections of Masson trichrome (aniline blue) staining and analysis of muscle-atlas area ratio
showed increased and decreased suboccipital muscle area in BTX-A group and MSTN group, respectively.
Meanwhile, hardly any suboccipital muscles were observed in the SEV group (Fig. 2A,B). To semi-quantitatively
estimate the hyperplasia, atrophy, and severance effect, Masson trichrome (light green) staining of RCDma and
RCDmi on the cross section was performed (Fig. 2C). The amount of muscle fibers cross-sectional area was
counted, and according to the mode, the results showed an increase and a decrease of the suboccipital muscle
cross-section area in MSTN and BTX-A group, respectively (Fig. 2D). No obvious muscle tissue in the SEV group
was observed. All these results showed that the established models of suboccipital muscle hyperplasia, atrophy,
and severance were credible.

The alteration of CSF secretion rate

The potential impact of the MDB on CSF dynamics, mediated by the displacement of suboccipital muscles to the
cervical SDM, has been investigated. The alteration of CSF secretion rate was estimated as a means of exploring
this impact. The feasibility of the experimental method was verified through a blockage test, which involved the
staining of ventricular walls with eosin following the blockage of the aqueduct of Sylvius with mineral oil. No
leakage of CSF was observed, as evidenced by the absence of red staining in the fourth ventricle (Fig. 3C). The
CSF secretion rate of all four groups was then calculated, with results demonstrating that the rate was 0.711+0.05
pL/min (mean + SD) in the CTL group, 0.545+0.06 uL/min in the SEV group, 0.526 +0.07 pL/min in the BTX-A
group, and 0.935+0.1 uL/min in the MSTN group. Statistical analysis indicated that the CSF secretion rate was
significantly increased in the MSTN group (p <0.05), while it was significantly decreased in both the BTX-A
group (p <0.001) and the SEV group (p <0.001) (Fig. 3E).

To further understand the mechanism of CSF secretion rate change, six CP-CSF-related proteins were selected
for IHC semi-quantitative analysis. However, no significant difference in the protein levels of these modeled
animals was observed in any group (Fig. 4A,B). These findings suggest that the effect of MDB on CSF dynamics
is not mediated by changes in the levels of these selected proteins. Further studies are required to elucidate the
underlying mechanisms involved.

The change of CSF reabsorption rate
In addition to its potential impact on CSF secretion rate, MDB may also affect CSF dynamics through its influ-
ence on CSF reabsorption. To investigate this possibility, we measured CSF reabsorption rate in all experimental
groups of rats. To confirm and visualize the efficiency of reabsorption in the turbinate area, we first conducted
an experiment in which Evans blue was injected into an right-side lateral ventricle as a tracer. After 25 min,
the majority of tracer was found to have accumulated in the turbinate area (Fig. 5C), indicating this as the
primary site of CSF reabsorption. We then measured CSF reabsorption rate using 99mTc-DTPA and merged
the image with a normal CT scanning image for positioning. The change in nuclide radioactivity 25 min after
injection served as an indicator of CSF reabsorption rate. Our results demonstrated that, compared to the
CTL group (18.65+2.1 mCi, mean * SD), both the BTX-A group (22.15+2.1 mCi, p<0.05) and the MSTN
group (23.71+1.9 mCi, p<0.01) showed a significant increase in CSF reabsorption rate, while the SEV group
(17.23£2.0 mCi, p>0.05) did not show a significant change (Fig. 5D).

These findings suggest that MDB may play a role in regulating CSF reabsorption, with both BTX-A and MSTN
potentially enhancing this process. Further studies are needed to fully elucidate the mechanisms underlying these
effects and their potential clinical relevance.

Discussion

MDBC affected CSF dynamics through contraction force changes of suboccipital musculature
According to the classic theory of CSF dynamics, the hydrostatic pressure gradient between CSF secretion and
reabsorption sites is considered the fundamental driving force of CSF circulation®. This driving force offers
a basic direction of CSF flow from high-pressure regions, where CSF forms, to low-pressure regions, where
CSF reabsorbs'. In circumstances of intracranial homeostasis, the volume of CSF and intracranial blood flow
reach a relative stable status until new changes occur (Fig. 6A). Among all the intracranial constituents, CSF
and blood flow are the most adjustable components that perform quick responses to alterations of intracranial
homeostasis®®*2 Previous studies have identified the muscles directly attached to the dura mater as one of the
power sources of CSF circulation'*?*?, The functional unit, referred to as the MDBC, affects CSF circulation
in different ways.

The contraction force of suboccipital muscles can transmit to the dura mater, causing a displacement of the
dura mater and leading to a regional negative pressure of the subarachnoid space, resulting in alterations of CSF
flow. This effect may initially be considered local, but with constant stimulation, it could become global?’. In addi-
tion to the speculation of dura mater displacement, MDBC is also thought to affect CSF dynamics by influencing
cerebral blood flow (CBF). The suboccipital region is one of the most complex regions in humans, containing
unique bony structures, several pairs of short muscles, abundant nerves, and vasculature®>*, These rich vas-
cular communications correlate the movement of the suboccipital muscles with the regulation of intracranial
blood flow****. Considering about the kinetoterapy of lower limbs varicosity, constant muscular relaxation and
contraction circles may act as a pump to the local veins, propels the compression of the intramuscular and deep
veins, which increase the venous pressure and promote the blood in the deep vein back to the heart™. Therefore,
predictively, changes in the contraction force of suboccipital musculature alter the pressure on the wall of blood
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Figure 2. Verification of modeling results of all groups. (A) sagittal section of rats suboccipital area with
Masson stain. (B) comparison of suboccipital muscle (RCDma and RCDmi) area/atlas area ratio. (C)
representative cross-sections of RCDma muscle with Masson stain. (D) quantity statistics of cross-sectional
area in different ranges of the RCDma and RCDmi muscles among CTL, BTX-A, and MSTN groups. (E)
expression level of myostatin (GDF-8) in the gastrocnemius muscle, splenius capitis muscle, and RCDma and
RCDmi muscles in CTL and MSTN groups rats. original gels are presented in Supplementary Fig. 1. (F) protein
quantitative analysis of expression level of myostatin (GDF-8) in the gastrocnemius muscle, splenius capitis
muscle, and RCDma and RCDmi muscles in CTL and MSTN groups rats. CTL, control group; SEV, severance
group; BTX-A, BTX-A local injection group; MSTN, ACE-031 local injection group; GM, gastrocnemius
muscle; SCM, splenius capitis muscle; RCD, rectus capitis dorsalis muscles; *, P<0.05; **, P<0.01; ***, P<0.001;
ns, no significance.
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Figure 3. Suboccipital muscles interventions resulted in changes of CSF secretion rate. (A) schematic diagram
of CSF secretion rate measurement method. (B) schematic diagram of the drilling site location. (C) eosin
blockage testing result to verity the blockage efficiency of mineral oil. (D) representative diagram of CSF
secretion rate measurement results. (E) statistical analysis of CSF secretion rate 2 weeks after modeling among
all groups. RCDma: rectus capitis dorsalis major; RCDmi: rectus capitis posterior minor; MDB, myodural
bridge; LV, lateral ventricle; 3 V, third ventricle; 4 V, fourth ventricle; CTL, control group; SEV, severance group;
BTX-A, BTX-A local injection group; MSTN, ACE-031 local injection group; CM, cisterna magna; *, P<0.05;
**, P<0.01; ¥, P<0.001; ns, no significance; @, catheter insertion site; @), glass capillary insertion site.

vessels, resulting in changes in the diameter of blood vessels that can affect the secretion and reabsorption of
CSE. Quantification of these changes may be represented by changes in the volume of CSF and CBE. However,
this predictive implication lacks of experimental support in the present study.

To further study the role of MDBC in CSF dynamics, we applied local injections of BTX-A and ACE-031 to
functionally downregulate and upregulate the target muscles, respectively. BTX-A is a neurotoxin that binds
to receptors on presynaptic cholinergic nerve terminals, blocking the release of acetylcholine®. Intramuscular
injections of BTX-A can relieve focal spasticity and dystonia, and long-term injections of BTX-A can cause
disuse atrophy of muscle®®*!. ACE-031 is a specific inhibitor of myostatin (GDF-8) that can upregulate muscle
size, mass, and strength®***. Additionally, we severed the target muscles as a functional negative control and set
another group of wild-type control with no operation.

The present study aimed to investigate the effects of suboccipital musculature on CSF dynamics in living rats.
To this end, we measured the rate of CSF secretion, referred to as V;, in vivo and calculated CSF reabsorption

Scientific Reports |

(2023) 13:18882 | https://doi.org/10.1038/s41598-023-45820-x nature portfolio



www.nature.com/scientificreports/

A

AQP-1 optical density

2

AQP-4 optical density

3

ns ns
ns 1S
—ns —_—8s
0.8 ns 0.8 NS 1.0 ns
— 0.8 L
i T
0690 — — 0.6
o a 0.6
O 047 S 0.4- o
0.4-
0-27 0.2 0.2
0.0 T T 0.0 T T 0.0 T T
CTL  SEV BTX-A MSTN CTL SEV BTX-A MSTN CTL SEV BTX-A MSTN
4 ATP1A1 optical density 5 OTX-2 optical density 6 TTR optical density
ns n_s ns
ns ns —_—0s
0.8 ns 0.8 ns 0.8 ns
- —
0.6 T - 0.6 06 [ -
S 0.4+ 8 0.4 8 0.4
0.2 0.2+ 0.2
0.0 0.0 0.0

T T
CTL SEV BTX-A MSTN

T T
CTL SEV BTX-A MSTN

T T
CTL SEV BTX-A MSTN

Figure 4. Suboccipital muscles interventions caused no significant change of examined CP-CSF-related
proteins. (A) IHC results of AQP-1, AQP-4, KCNE-2, ATP1A1, OTX-2, and TTR 2 weeks after modeling among
all groups. (B) statistical analysis of AQP-1 optical density. Scale bar: 20 um. B. statistical analysis of AQP-4
optical density. (C) statistical analysis of KCNE-2 optical density. (D) statistical analysis of ATP1A1 optical
density. (E) statistical analysis of OTX-2 optical density. (F) statistical analysis of TTR optical density. ns, no
significance. CTL, control group; SEV, severance group; BTX-A, BTX-A local injection group; MSTN, ACE-031
local injection group; ns, no significance.
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Figure 5. Suboccipital muscles interventions resulted in changes of CSF absorption rate at the turbinate area.
(A) schematic diagram of lateral ventricle radionuclide injection and CSF absorption at the turbinate area.

(B) schematic diagram of turbinate area delineation and radioactive intensity measurement after SPECT/CT
scanning. (C) verification of CSF absorption efficiency of the turbinate area with Evans blue dye. (D) statistical
analysis of CSF absorption rate 2 weeks after modeling among all groups. CTL, control group; SEV, severance
group; BTX-A, BTX-A local injection group; MSTN, ACE-031 local injection group; *, P<0.05; **, P<0.01; ns,
no significance; «—, the absorption of CSF at the turbinate area.

rate, referred to as V,, by detecting the radioactive intensity of the turbinate area, which is known to be the
main site of CSF reabsorption in rodents. We then examined changes in Vyand V, under different conditions of
suboccipital musculature.

According to previous studies, rats with ACE-031 blockage showed increased muscle strength?’, whereas
botulinum toxin reduced the muscle strength®; in the present study, rats in the MSTN group exhibited increased
muscle mass in the right and left cranial dorsal muscles (RCDma and RCDmi), along with increased V;and
V,. Conversely, rats in the BTX-A group displayed decreased muscle mass in RCDma and RCDmi, as well as
decreased V; but increased V,. As a functional negative control, rats in the SEV group exhibited rare RCDma
and RCDmi muscles, and showed a significant decrease in V¢ but only a slight decrease in V, with no statistical
significance. These findings suggest that changes in suboccipital musculature can significantly affect CSF dynam-
ics, as measured by Vyand V,.

Hyperplasia and severance of suboccipital musculature may lead to intracranial homeostasis
changes by alteringV;and V,

As stated above, CSF is one of the most adjustable components and plays an important role in intracranial
homeostasis. For myostatin blockage, our previous” and the present studies collectively indicated that muscle
hyperplasia brought increased contraction force which MDB transmitted; Moreover, since MDB directly link
to the SDM and has been acknowledged as a fixing device of SDM?, it is highly predictive that the suboccipital
hyperplasia could increase the displacement of SDM pulled by MDB. Stated another word, there is a great poten-
tial that the function of the MDBC unit was enhanced. In this case, we at the same time measured an increase in
both Vrand V,. According to these results, we speculated that enhanced MDBC function may lead to increased
V. Assuming no other change occurred, CSF volume would increase for the formation speed exceeded the reab-
sorption speed. As a result, the hydrostatic pressure gradient between CSF formation sites and CSF reabsorption
sites increased, which offered a greater driving force for CSF reabsorption. Thus, V, increased as well to reach,
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Figure 6. Schematic diagram of the dynamic balance of the intracranial environment. The whole circle
represents intracranial environmental homeostasis. (A) Hypothetical intracranial homeostasis of rats in CTL
group. Under physiological conditions, CSF secretion was considered to be balanced with CSF reabsorption.
(B) Hypothetical intracranial homeostasis of rats in MSTN group, showing increased CSF secretion and
reabsorption but decreased CBE. (C) Hypothetical intracranial homeostasis of rats in SEV group, showing
decreased CSF secretion and increased CBE (D) Hypothetical intracranial homeostasis of rats in BTX-A group,
showing decreased CSF secretion but increased CSF reabsorption and CBE The components represented by
each color are shown in the legend. CTL, control group; SEV, severance group; BTX-A, BTX-A local injection
group; MSTN, ACE-031 local injection group; CBE, cerebral blood flow.

or tend to reach, an intracranial homeostasis. Therefore, to keep a relatively stable intracranial environment and
maintain the CSF volume, an increased V, was observed after the increased V; (Fig. 6B).

For SEV group, the remove of RCDma and RCDmi caused declined MDBC function from the view point of
SDM pulling. So compared with MSTN group, V; of SEV group decreased. When V; decreased, CSF formation
speed receded CSF reabsorption speed, leading to reduced CSF volume and decreased hydrostatic pressure
gradient. In terms of the fundamental driving forces, it seemed to generate a decreased V,. But in present study,
although presenting a slightly decline trend, V, of SEV group was observed no difference with CTL group. So, we
speculated that MDBC may play a significant role in V, feedback and regulation. In SEV group, loss of RCDma
and RCDmi made the function unit MDBC incomplete, which may lead to reduced susceptibility of CSF reab-
sorption regulation. Thus, rats in SEV group lost their ability of V, regulation in response to CSF volume and
hydrostatic pressure gradient changes. At the same time, local fibrous scar repair limited the adjustability of vessel
diameter, making CBF at a high level. Thus, the intracranial environment maintained relatively stable although
CSF volume may be decreasing (Fig. 6C).

In summary, the results of the present study indicate that changes in the suboccipital musculature can affect
both CSF formation and reabsorption rates, which can have significant implications for intracranial homeostasis.
The increased muscle mass and strength observed in the MSTN group resulted in enhanced MDBC function,
leading to increased CSF volume and hydrostatic pressure gradient, and ultimately increased CSF reabsorption
rate. On the other hand, the loss of RCDma and RCDmi in the SEV group resulted in decreased MDBC function,
leading to decreased CSF volume and hydrostatic pressure gradient, and a potential reduction in the ability to
regulate CSF reabsorption rate in response to changes in CSF volume and pressure. Despite these changes, the
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intracranial environment was supposed to maintain relatively stable in both groups due to compensatory mecha-
nisms such as vessel diameter adjustment and CBF regulation. These findings may have important implications
for understanding the pathophysiology of disorders such as hydrocephalus and intracranial hypertension, as
well as potential therapeutic interventions targeting the suboccipital musculature.

Atrophy, compared with hyperplasia, of suboccipital musculature led to not exactly opposite
intracranial homeostasis changes by alteringV;and V..

In the present study, we investigated the effects of suboccipital musculature alterations on intracranial homeo-
stasis by inducing atrophy and hyperplasia in animal models. Specifically, we observed that in the BTX-A group
(Fig. 6D), which exhibited declined function of the MDBC unit due to muscle atrophy and decreased muscle
strength, V¢ decreased, leading to less and slower formation of CSE, and subsequently, reduced CSF volume.
This decline in CSF formation would usually lead to a reduction or tend to reduce CSF reabsorption; how-
ever, we measured an increase in V, in the BTX-A group, which may lead to further reduction of CSF volume.
Although the exact mechanisms underlying this phenomenon remain to be confirmed, we proposed two pos-
sible speculations.

First, we speculated that CBF plays a crucial role in this regulatory process. Due to muscle atrophy, the
contraction force of suboccipital muscles is reduced, leading to a decrease in the pressure they produce on the
blood vessels in the suboccipital region. This decrease in pressure results in a relative increase in vessel diameter,
thereby maintaining CBF at a relatively high level to compensate for intracranial volume changes.

Second, we speculated that suboccipital musculature may be critical for V, regulation. Despite the status of
muscles, significant changes in V, were observed in both the MSTN and the BTX-A groups, whereas barely any
change was observed in the SEV group, in which the RCDma and RCDmi were removed. This suggests that
suboccipital musculature may contribute to the reaction to CSF volume or reabsorption changes.

It should be noted that the experiments were conducted at a time point of 2 weeks after modelling, which
corresponded to the clinical course. This may not be long enough to reach a relatively stable status, and the V,
increase observed in the BTX-A group could be a reactive change of MDBC status alteration at this time point.
Further experiments are required to confirm the exact mechanisms underlying these observations.

Implication on humans

The MDB is recognized as a direct connective linkage of suboccipital muscles and the cervical dura mater. In
middle 2023, a novel anatomical definition of occipito-atlantal cistern (OAC) has been introduced, OAC is
a subarachnoid space independent from the cisterna magna. More to the point, the dura mater which in the
posterior of OAC is just where the MDB connects on humans®®. According to the present study, it is indicative
that the CSF production and absorption correlates with dysfunction of suboccipital muscles. More recently,
our team found OAC also exist in rats (data not shown). Additionally, considering the MDB universally exist
in mammals®, these collectively suggested that there may be strong potential between MDBC and clinical CSF
disorders, no matter in human or other mammals. During the present study, the experimental animals shared
highly similar patterns of life and daily routines, which includes similar food and water intakes, similar sleep
regulations, similar exercise intensities, etc. In addition, considering the animals with or without surgical treat-
ments exhibited similar food/water intake, body weight. These in all indicated that these animals shared similar
normal physiologies, which includes non-hindered body movements. Consequently, although these animals
exhibited V, and V¢ changes, the inductive factors were easy to track.

However, humans feature different life regulations and schedules, different dietary habits, and different
enthusiasm to exercise; not to mention the humans spend more than half their lives in upright position. These
collectively result in different homeostasis of circulation, respiratory, as well as endocrine system, which are all
important affecters of CSF dynamics. Furthermore, in human the aqueduct is compared to quadrupeds oriented
in a more vertical position and the requirement to equilibrate CSF against hydrostatic forces is much higher
than in quadrupeds.

Nevertheless, humans spend nearly halfway of their lives in laying down or sitting positions, and these are
very similar to the conditions of the modeling animals in the present study. The MDBC could be a key regulator
while in sleeping or resting conditions for humans. As this result, long-time improper postures and excessive
burden to the neck have potentials leading to CSF disorders; conversely, it is also inferred that a proper exercise
which aim to keep or rebuild the functions of neck muscle (especially suboccipital muscles) could be an effective
way for the prevention and therapy to the diseases which related to CSF dynamics disorders. On the other hand,
it also provided a mechanical support for the efficacy of cervical massage and manipulative therapy.

Meaning and limitation
The presence of MDB in suboccipital muscles establishes a unique anatomical connection between these muscles
and the dura mater’®. This study investigated the impact of changes in MDBC on the fundamental components
of CSF dynamics, namely V;and V,, and their potential influence on intracranial homeostasis. Our results pro-
vide direct experimental evidence supporting the idea that MDBC can affect CSF circulation, as we observed
changes in Vyand V, following intervention in suboccipital muscles. We used a 2-week animal model to mimic
the course of the clinical patient, which is more relevant than immediate effects assessed in previous experiments.
However, there are some limitations to our study. Firstly, the measurement method chosen for this experiment
differs from previous perfusion methods and may not fully represent actual V;and V, values®. Fluid (both the
oil-blockage of aqueduct and tracer injection into the lateral ventricles) may affect the real-time physiological CSF
dynamics. However so far, due to the technical limitations, there is no perfect non-invasive measuring method of
CSF production/absorption rates®. A novel non-invasive method was firstly described in 2020 to assess human
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the water transition of the blood-cerebrospinal fluid barrier®!, this study certainly showed us a novel perspective
to assess the CSF production rate non-invasively, and yet not 100% reliable because of the different study focus.
In the present study, the possible alterations of CSF dynamics caused by fluid injections had been reduced as
much as possible by controlling the experimental background as consistent as possible. Nevertheless, our cor-
responding speculations based on these results remain valid. Secondly, the present study simplified the model of
CSF dynamics by observing only Vyand V, and speculating the possible changes in intracranial homeostasis. We
did not investigate diseases or symptoms associated with altered suboccipital muscle status, such as headache,
which is closely linked to CSF and intracranial pressure®?-%. Third, limited to the small volume of the suboccipital
muscles, we did not find any direct way to test the contractive forces of the RCDma and RCDmi, although our
previous study and publication of other researchers evidently demonstrated the correlations of contraction force
changes with muscular atrophy and hyperplasia, a direct experimental proof remains unpresented. Fourth, for
the muscular atrophy/hyperplasia models, the implications on related blood vessels have not yet been test, and
thus the experimental results regarding V, and V; changes have not yet been fully interpreted. Moreover, the
2-week modelling duration used in this study may not fully correspond to the clinical course of cervicogenic
headaches, considering most of headaches present chronicy®*®.

In conclusion, our study provides evidence supporting the hypothesis that MDBC can affect CSF circula-
tion and intracranial homeostasis through changes in Vyand V,. Future studies should focus on the relationship
between MDBC and CSF dynamics in greater depth, investigating potential clinical outcomes of altered suboc-
cipital muscle status, including headache, and accounting for the complexity introduced by the perivascular
spaces and the glymphatic system.
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Within the manuscript and its Supporting Information files.
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