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Abstract

Context: In the aging brain, reduction in the pulsation of cerebral vasculature and fluid
circulation causes impairment in the fluid exchange between different compartments and lays a
foundation for the neuroinflammation that results in Alzheimer disease (AD). The knowledge
that lymphatic vessels in the central nervous system play a role in the clearance of brain-
derived metabolic waste products opens an unprecedented capability to increase the clearance
of macromolecules such as amyloid p proteins. However, currently there is no pharmacologic
mechanism available to increase fluid circulation in the aging brain.

Objective: To demonstrate the influence of an osteopathic cranial manipulative medicine
(OCMM) technique, specifically, compression of the fourth ventricle, on spatial memory and
changes in substrates associated with mechanisms of metabolic waste clearance in the central
nervous system using the naturally aged rat model of AD.

Results: Significant improvement was found in spatial memory in 6 rats after 7 days of OCMM
sessions. Live animal positron emission tomographic imaging and immunoassays revealed that
OCMM reduced amyloid B levels, activated astrocytes, and improved neurotransmission in the
aged rat brains.

Conclusion: These findings demonstrate the molecular mechanism of OCMM in aged rats.
This study and further investigations will help physicians promote OCMM as an evidence-based
adjunctive treatment for patients with AD.

Address correspondence to Blaise M. Costa, MPharm, PhD, Center for One Health Research, Virginia Tech, 1410 Prices Fork Rd,
Blacksburg, VA 24060-3831. bcosta@vcom.vt.edu.

Author Contributions

All authors provided substantial contributions to conception and design, acquisition of data, or analysis and interpretation of data; Drs
Tobey, Brolinson, Klein, and Costa drafted the article or revised it critically for important intellectual content; Dr Costa gave final
approval of the version of the article to be published; and all authors agree to be accountable for all aspects of the work in ensuring
that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved.

Financial Disclosures: Dr Sasser is an employee of the Bruker BioSpin, the manufacturer of the imaging system used in the study.



Tobey et al. Page 2

Keywords

Alzheimer disease; amyloid-p; GFAP; neurotransmission; osteopathic cranial manipulative
medicine; spatial memory; tau protein

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Alzheimer disease (AD) is the sixth leading cause of death in the United States, with an
estimated 5.3 million people across all ages having AD in 2015.1 Accumulation of metabolic
wastes composed of extracellular deposits of amyloid-p (Ap) proteins and neurofibrillary
tangles of tau protein are the hallmark pathologic findings in AD. In the healthy brain,
rapid exchange of cerebrospinal fluid (CSF) and interstitial fluid facilitates the clearance of
macromolecules, including AB, from the brain parenchyma.? In the aging brain, reduction
in the pulsation of cerebral vasculature and abnormal water channel expression cause
significant impairment in fluid exchange.3# These modifications subsequently increase
harmful protein concentrations in the interstitial fluid of the aging brain and pave a
foundation for the neuroinflammation that results in AD. The discovery of lymphatic
vessels in the central nervous system (CNS) and their role in the clearance of brain-derived
metabolic waste products®® opens an unprecedented capability to increase the clearance of
macromolecules such as Ap proteins. Limitations in improving CNS fluid circulation have
restricted novel treatment strategies for age-related neurologic disorders in which excess
metabolic waste accumulates in the brain. Currently there is no pharmacologic mechanism
available to improve CNS vasculature pulsation or to increase fluid circulation in the aging
brain. However, to our knowledge, increasing CNS fluid circulation and facilitation of the
brain’s lymphatic system by physical means has not yet been explored.

Improving lymphatic circulation is one of the therapeutic principles of osteopathic
manipulative medicine (OMM). Animal studies demonstrate that lymphatic circulation

in the peripheral nervous system can be improved by lymphatic pump treatment, an
osteopathic manipulative technique.’”~13 Furthermore, osteopathic cranial manipulative
medicine (OCMM) has been routinely practiced to improve the symptoms of various
neurologic disorders.10:14-21 Osteopathic cranial manipulative medicine may represent a
means to physically facilitate CNS lymphatic and CSF circulation, potentially increasing

the clearance of disease-inducing toxic metabolic waste. Examining the physiological and
biochemical effects of these techniques may clarify this and other underlying mechanisms of
improved clinical outcomes that may extend to the pathologic characteristics of AD.

A 3-dimensional modeling of the ventricular system of the rat brain confirms that its
ventricular anatomy is similar to that of humans.22 Therefore, we hypothesized that fluid
mobilization techniques to improve fourth ventricle circulation using the compression of the
fourth ventricle (CV4) technique would be transferable to anesthetized rats. Because 95%
of AD is sporadic and nonfamilial,23 we used an aged rat model. We sought to assess the
mechanism of action for OCMM’s potential improvement of AD-related clinical outcomes
in 18-month-old, naturally aged rats.
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All animal experimental procedures and animal housing were approved by the Institutional
Animal Care and Use Committee of Virginia Tech (protocol No. 15-099) and University of
Virginia (protocol No. 3539). Twelve 18-month-old F344 male rats were obtained from
Charles River Laboratories, Inc, and Envigo and randomly divided into 2 groups, (1)
untreated (UT; n=6) and (2) OCMM (n=6). Six 16-week-old young adult rats were obtained
from Charles River Laboratories, Inc. The young adult rats were not treated. All rats were
provided with normal food and water ad libitum and housed with 12-hour light-dark cycle.
All methods were performed in accordance with the relevant guidelines and regulations.

OCMM Treatment

One operator (H.T.) performed all OCMM sessions. The rats in the OCMM group received
the CV4 technique every day for 7 days for 4 to 7 minutes at each session. Rats were
anesthetized with 1.5% to 3% isoflurane throughout the procedure. Rats in the UT group
were also anesthetized to nullify any influence of isoflurane in spatial learning. During the
CV4 procedure, the operator applied mechanical pressure over the rat’s occiput, medial

to the junction of the occiput and temporal bone and inferior to the lambdoid suture to
place tension on the dural membrane around the fourth ventricle. This gentle pressure was
applied to resist cranial flexion with the aim of improving symmetry in the cranial rhythmic
impulse (CRI), initiating a rhythmic fluctuation of the CSF, and improving mobility of the
cranial bones and dural membranes. This rhythmic fluctuation is thought to be primarily
due to flexion and extension that takes place at the synchondrosis between the sphenoid
and basiocciput. The treatment end point was achieved when the operator identified that the
tissues relaxed, a still point was reached, and improved symmetry or fullness of the CRI was
felt. Currently, there is no quantitative measure for the pressure used in this treatment.

On day 1 of OCMM treatment, all 6 rats had significantly diminished or absent CRI, as well
as increased firmness and tension of the soft tissue and bony structures palpated. Throughout
the 7 days of treatment with the CV4 technique, increases in amplitude of the CRI with
some persistent asymmetries were noted. However, by day 7, all 6 rats had significant
softening of restricted tissues in the cranium and a fuller and symmetrical amplitude of

the CRI. One rat was noted to still have a slightly restricted CRI at the end of day 7;
however, it was noted to be much less restricted then before the initiation of treatment

on day 1. These palpatory changes would be clinically interpreted as an indication of
improved somatic dysfunction and, therefore, improved function of bone and soft tissues and
presumed improvement in arterial, venous, and lymphatic circulation.

Spatial Learning and Memory Assay

The Morris water maze (MWM) assay was performed to study the spatial learning and
memory in both groups. On day 0, rats were exposed to the MWM for acclimatization.24
The maze is a circular washtub with a 5-ft diameter and 2-ft high walls. The water maze was
divided into 4 quadrants electronically by a flexible video tracking system (AnyMaze 5.1,
Stoelting Co.) with a circular platform (5-in diameter) in the northwest quadrant. The tank
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was filled with room temperature water to about 1 cm below the platform for training trials.
Four visual cues with large designs were drawn on paper and attached to the edge of the
maze. These landmarks were visible to the rats during all trials.

During training trials (days 1-4), rats were trained from 4 quadrants (northwest, northeast,
southeast, and southwest) every day for 4 days. During training, the water was transparent
and the platform visible to the animal. During each trial, a rat was trained to reach the
platform from 1 of the 4 different quadrant starting points. A maximum of 60 seconds was
allotted to reach the platform; in case a rat failed to reach the platform within 60 seconds,
it was manually guided to the platform. Before each training trial, the rat was placed on the
platform for 15 seconds to let it observe the cues around the water maze and their spatial
relationship to the platform. After 15 seconds, the animal was gently placed in the water
at one of the quadrants with its head facing the wall. At this point, video recording began,
and the quadrant was noted. After reaching the platform, the rat was allowed to be on the
platform for 15 seconds before starting the next trial. After completing all 4 trials for the
day, rats were gently wiped dry and placed on the warming pad for 2 minutes before being
returned to the home cage.

During probe trials (days 5-8), water was opaque and the platform was invisible to the
animal. Nontoxic tempera paint was used to make the water opaque, and the water was
elevated to submerge the platform about 1 cm below the water surface. Two probe trials
were performed for each animal every day from different quadrants. In the probe trial, the
animal had to remember the platform’s spatial location with reference to the surrounding
environment to reach the platform as quickly as possible. After day-8 trials, rats were
transported tothe University of Virginia Molecular Imaging Core for positron emission
tomography (PET)

Positron Emission Tomography

A US Food and Drug Administration-approved compound, florbetapir F18, which binds to
AP plaques, was used as a radiotracer. Four hundred to 500 uCi of tracer dissolved in 300 to
500 pL of 0.9% isotonic sodium chloride solution was administered through a single bolus
injection into the tail vein 45 to 60 minute before imaging. A high-resolution scanner used
for PET, single-photon emission computed tomography, and computed tomography (CT)
was used for imaging. Imaging was performed while rats were anesthetized and placed in
the prone position at the center of the scanner bed. After PET scanning, a CT scan of the
whole cranium was performed. The CT images served as templates to analyze the PET
signals and were used for attenuation correction of the PET images. Based on the PET
images, volume of interest was identified with the guidance of the Schiffer rat brain atlas 25
provided in the PMOD software (V 3.8, PMOD Technologies LLC) as described by Balsara
et al.26 Thirty-three different brain regions, including the forebrain, hippocampus, and
entorhinal cortex were included, and florbetapir F18 standard uptake values were calculated
for each region. After PET scanning on day 9, rats were euthanized by cervical dislocation
before harvesting brain tissue for biochemical analysis. Rats that were not imaged were
euthanized at the Virginia Tech Phase IV facility.
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Immunohistochemical Analysis

One-half of the hemisphere of each brain was used for immunohistochemical (IHC)
analysis, and the other half was saved for other immunoassays. For IHC, brain tissues

were immersed in 4% paraformaldehyde in phosphate-buffered saline (PBS) overnight and
transferred to 30% sucrose-PBS solution until they floated. Approximately 16-um sagittal
sections were obtained using cryostat and stored at —80°C until used. For experiments,
tissue sections were equilibrated to room temperature for 15 minutes and washed 3 times, 5
minutes each time with PBS, and blocked at room temperature for 1 hour using a blocking
buffer (5% goat serum, 3% bovine serum albumin (BSA), 0.1% Triton-X 100 in PBS).
Chicken anti-GFAP (glial fibrillary acidic protein) (1:500; Abcam), rabbit anti—vesicular
glutamate transporter-1 (VGIuT1; 1:250; Synaptic Systems) and immunoglobulin G2a
(1gG2a) mouse anti—glutamate decarboxylate-67 (GADG67 1:500; Millipore) were diluted

in blocking buffer and applied to tissue sections before allowing them to react overnight at
4°C. Sections were then washed 3 times, 5 minutes each time with PBS, before probing
with appropriate fluorophore conjugated secondary antibodies, goat anti-chicken, 647 nm
(Abcam); goat anti-lgG2a mouse, 568 nm (ThermoFisher); goat-anti-rabbit 488nm (Abcam)
with 1:1000 dilution in blocking buffer for 1 hour at room temperature. Slides were washed
with PBS 3 times for 5 minutes each time and mounted in vectashield DAPI mounting
medium.

Data Collection and Analysis

Immunostained tissue sections were imaged using a x40 water immersion objective on a
Zeiss LSM 880 confocal microscope. Super resolution images were obtained using the

Zeiss Airyscan detector. Airyscan projections were analyzed using ImageJ integrated density
analysis. Density analysis was calculated by establishing a threshold for the intensity of
each channel and by measuring the average intensity value and multiplying it by the area
occupied in that threshold. An individual threshold was set for each channel in order to
subtract out the background.

Western Blot

One-millimeter-thick coronal sections of brain tissue from UT and OCMM rats were
collected from the region dorsal to the prefrontal cortex using a brain matrix. Tissue

samples were lysed using a lysis and extraction buffer with a protease inhibitor cocktail
(ThermoFisher No. 89900 and 78440), and protein concentration was determined using a
Bradford assay. Equal amounts (30 pg unless stated otherwise) of protein samples from each
group were electrophoresed in sodium dodecyl sulfate polyacrylamide gels (10%) under
reducing conditions followed by transfer to polyvinylidene difluoride (PVDF) (pore size, 0.2
pum) membranes. Blots were blocked with 5% nonfat dry milk in Tris-buffered saline with
0.075% Tween 20 and probed with antibodies recognizing Ap42. Synthetic rat AB42 peptide
(Anaspec, No. AS-25381) has been used as a standard marker for antibody recognition

and molecular weight for the bands observed in the Western blots assay. Two monoclonal
antibodies recognizing N-terminal (Abcam, No. ab201060) or C-terminal (Cell Signaling,
No. 14974) end of Ap42 peptide were used, in addition to a polyclonal (Abcam, No.
ab10148) antibody to probe the synthetic and native AP peptides in the Western blot assay.
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Antibodies recognizing glial fibrillary acidic protein (GFAP; chicken), aquaporin-4 (AQP4),
lymphatic vessel endothelial hyaluronan receptor 1 (LYVEZ; rabbit, ThermoFisher), GAD67
(mouse 1gG2a, Millipore) and vGIuT1 (rabbit, SYnaptic SYstems) were used as described in
the Results section. The secondary antibodies used were goat anti-rabbit/chicken/mouse 1gG
(GeneTex). Chemiluminescence (Pierce) signals were detected by a Flurochem M (Protein
Simple) scanner.

Statistical Analysis

Results

Statistical significance was determined at 2<.05, /<.01, and ~/<.001 using a 2-tailed
unpaired ttest. Values given represent mean (SE).

OCMM Improves Spatial Learning and Memory in Naturally Aged Rats

The MWM results showed that the UT 16-week-old young adult rats reached the platform
significantly quicker (shorter escape latency) compared with the UT aged rats in all 8 days
of trial. This finding indicates age-dependent reduction in spatial memory (Figure 1B-D).
The rats treated with OCMM exhibited a significantly shorter escape latency than the UT
rats on days 4, 5, and 6 of the 8-day experiment. During probe trials, the platform was not
visible. This factor excludes the possibility that the OCMM-treated rats could have reached
the platform quicker because of improved vision. The underlying assumption of the MWM
assay is that rodents do not like to be wet; therefore, when exposed to water, they would

try to find an escape platform as quickly as possible. On the first of the 4 day-1 trials, no
animal could reach the platform within 60 seconds, so they were then manually guided to the
platform. However, on day 1 during trials 2 to 4, some rats reached the platform in less than
60 seconds.

On the day-4 training trial and probe trial day 5 and day 6, OCMM-treated rats had a
statistically significant shorter escape latency than the UT group. Further, we have studied
more parameters, including distance travelled, number of entries into the platform zone (NW
quadrant), and time spent in the platform zone on day 4. Since day 4 was the last day of
training trials and the first day to exhibit a statistically significant difference between the
UT and OCMM groups, we presented these parameters on day 4. Untreated young adult
rats were significantly different (Figure 1D) from the UT aged rats in all parameters studied
on day 4. Total distance travelled and the distance travelled inside the NW quadrant were
not significantly different between the UT and OCMM-treated rats Figure 1D). However,
UT rats made a significantly higher number of entries into the platform quadrant and spent
more time in that quadrant compared with OCMM-treated rats. The video shows the UT
and OCMM rat movements. Fewer entries and less time in the target zone reveal that
OCMM-treated rats could more successfully identify the platform location when they were
proximal to the platform, despite traveling in and around the platform zone as much as UT
rats.
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Live Imaging Reveals a Numerical Reduction of AB Proteins in OCMM-Treated Rats

To validate the outcomes from the behavioral studies, PET was performed on day 9. The
PET techniques have recently made it possible to evaluate brain AP deposition in patients
with AD. The results revealed that compared with UT rats, OCMM-treated rats had an
overall reduction in the florbetapir F18 signal in whole brain tissue (Figure 2). The order of
3 regions where maximum reduction in florbetapir F18 signals were observed was midbrain,
ventral tegmental area, and hippocampus. These findings from live animal imaging suggest
an increased clearance of AP proteins from the brains of OCMM-treated rats. It was
anticipated that the mechanical pressure (Figure 1 A) applied on the surface of the rat

head increased glymphatic substrates that could have improved the fluid dynamics in the
aged rat brain. This pressure may have ultimately improved the clearance of A protein from
the brain through one of the recently identified meningeal lymphatic vessels that are perhaps
involved in CNS waste clearance.>6:27

OCMM Alters AB levels in Association With Astrocyte Activation and Upregulation of
Aquaporin and Lymphatic Vessels

To understand the OCMM-induced improvement in learning and memory, total Ap protein
levels were studied in the rat brain lysate. Western blots were performed with denatured
samples to detect all Ap protein that can exist in the native state as monomeric Ap
fragments, intermediate-length AR with intact C-terminal domain, an uncleaved native
amyloid precursor protein, and an oligomer of A fragments. After titrating with 1, 10,

and 100 ng of synthetic Ap42 peptides, 100 ng concentration was chosen to use as standard
and probed with all 3 different antibodies. Both N-terminal and C-terminal monoclonal
antibodies recognized the synthetic rat Ap42 peptide around 4 kDa (Figure 3A and B).

The other antibody (polyclonal, No. ab10148) did not detect the synthetic AB42 peptide.
Therefore, the Western blot results obtained from this antibody are not included in Figure 3.

The manufacturer claims that the monoclonal N-terminal antibody (ab201060) recognizes
a conformation-dependent, aggregation-selective epitope of Ap at amino acid position 3—-6
(sequence: EFRH). This antibody preferentially binds to sodium dodecyl sulfate—resistant
oligomers over monomer on Western blots,28 and these signals were detected at ~37

kDa and ~4 kDa. Consistent with the claims made by the manufacturer, this antibody
detected a ~37-kDa band in all samples with varying intensity (Figure 3A). Furthermore,
this antibody also detected a ~4-kDa signal in aged rat brain lysate samples. Thus, both
~37-kDa and ~4-kDa signals represent variable-length fragments of Ap protein or Ap42
oligomer, which is resistant to chemical and heat denaturation steps. Nonetheless, synthetic
AB42 peptide band was detected at the anticipated ~4 kDa (Figure 3A), and there was no
higher-molecular-weight band found at this sample running lane. The absence of a GAPDH
band at this lane confirms that there was no contamination of brain lysate sample. The
average Ap42 signal from the brain tissue lysate of the UT young adult rats (Figure 3A) was
significantly less than the UT rats in both N-terminal and C-terminal antibodies.

The C-terminal domain antibody detected the signal for synthetic Ap42 peptide at the
correct molecular weight, ~4 kDa. Furthermore, this antibody detected a stronger ~4-kDa
signal (Figure 3B) at the lysate-loaded lanes. Perhaps a weak but measureable ~37-kDa band
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was also detected by this antibody. Consistent signals of Ap at around 4 kDa and 37 kDa
obtained from different antibodies binding at opposing ends of the Ap peptide reveal that
these signals are variable-length AB fragments but not false-positives. These observations
reinforce the notion that Ap protein may exist as variable-length fragments in the rat brain.
Altogether, the results obtained from all 3 antibodies are in agreement with each other that
OCMM-treated rats had less Ap protein compared with the age-matched UT rats.

The AP Western blot data suggest that OCMM may have facilitated the clearance of
potentially toxic forms of Ap proteins.

It was hypothesized that there should have been an increase in waste clearance mechanisms,
in which astrocytes and water channels could be directly involved, as reviewed recently.2’
To support this, quantitative immunoassays were performed to determine the level of GFAP,
a marker for astrocytes and AQP4, which is a water channel predominantly expressed in

the astrocyte end feet processes,2? reduction of which exacerbates brain Ap accumulation
and memory deficits.3931 Results from the Western blots done with the brain tissue lysates
reveal that OCMM-treated rats had a significant increase in GFAP and AQP4 expression
compared with the UT group (Figure 3C). Furthermore, the IHC assay results demonstrated
an increase in GFAP expression in the dentate gyrus (Figure 3J). Increased astrocyte
representation combined with the increased expression of AQP4 channels motivated us

to study the marker for lymphatic vessels (LYVEL) and that also exhibited a significant
increase in OCMM-treated rats (Figure 3J). These observations indicate that there could
have been an increase in glymphatic system substrates and that may account for the apparent
increased clearance of A proteins, which is known to improve learning and memory.32:33

OCMM Modulates Synaptic Transmission Through Excitatory and Inhibitory Pathways

To study other potential underlying mechanisms of improvement in learning and memory
after OCMM, immunoassays were performed to determine the level of presynaptic
glutamatergic and -y-aminobutyric acid-ergic neuronal markers, vGlutl and GAD67,
respectively. Immunohistochemical assays results of the sagittal section of brain tissue
supported the Western blot finding that the relative puncta density for vGlutl was
significantly elevated in OCMM-treated rats compared with UT rats in the hippocampal
CAL region (Figure 4). Additionally, Western blot results showed that the levels of

vGlutl and GADG67 were significantly increased in OCMM-treated rats compared with

UT rats (Figure 4C and D). An increase in vGIuT1 expression that is involved in the
vesicular storage of glutamate suggests that OCMM may have also altered glutamatergic
synaptic transmission either independently or as a cause of improved Ap clearance. An
insignificant elevation of GADG67 expression in the hippocampal CA1 region may indicate a
stronger excitatory component of excitatory-inhibitory balance mechanisms associated with
hippocampal long-term potentiation.343% However, GAD67 expression was significantly
increased in the prefrontal cortex, a region involved in spatial memory, which corroborates
the significant increase in GAD67 expression observed in the Western blot (Figure 4C).
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Discussion

Limitations

The majority of osteopathic physicians practice as primary care physicians and provide
medical care for older patients.38 Osteopathic physicians who practice OMM use these
techniques to improve the symptoms of various disorders.10.14-21 Although clinically
effective, the underlying mechanism for the effect of OCMM is not well understood. The
knowledge on glymphatic and meningeal lymphatic systems in the brain lends credence to
the theory that OCMM improves CNS fluid circulation. However, there remains a void in
scientific evidence supporting the capability of OCMM techniques to alter fluid dynamics
and lymphatic circulation in the brain or other underlying mechanisms of improved clinical
outcomes. If OCMM is capable of improving CNS fluid circulation, it could represent a
minimally invasive means to take advantage of the CNS glymphatic system to overcome the
age-related deficits in cerebrovascular fluid circulation and metabolic exchange that may be
contributing to AD.

Manipulation-induced skull deflections have been extensively studied in live nonhuman
primates,37:38 dogs,39 cats,0 rabbits,*! and unembalmed human cadaver heads.*2-44 These
studies have revealed that a mechanical pressure can cause cranial deflections up to 910 pm
based on the region of the skull.#> These cranial deflections may influence fluid circulation
through the glymphatic periarterial influx and meningeal lymphatic perivenous efflux
pathways that run close to the cranial bones. The function of glymphatic and meningeal
lymphatic pathways is largely regulated by the water channels (AQP4) expressed in the
perivascular astrocyte end-foot processes.?” This is in agreement with a significant increase
in AQP4 protein expression in the OCMM-treated rats compared with UT rats (Figure 3H).
This finding, combined with the other biochemical and behavioral changes we reported,
supports the notion that OCMM-induced cranial bone deflections can potentially improve
fluid circulation.

In this pilot study, we could not directly measure the OCMM-induced changes in CNS fluid
dynamics. This limitation was due to lack of funding associated with expensive animals,
reagents, and equipment involved to study the fluid dynamics. We actively seek support
from state and federal agencies to study the changes in CNS fluid dynamics and associated
molecular mechanisms.

Future Directions

In the present study using an OCMM technique, we demonstrated improved spatial learning
and memory in the aged rat model of AD. This improvement is connected to changes

in indicators of increased brain metabolic waste clearance and changes in the markers of
altered neurotransmission. At this point, it is unclear how these 2 types of changes are
related. An immediate extension of these findings would be to study the effect of OCMM
on the pharmacokinetics of medications that are currently used for the treatment of patients
with AD and other neurologic disorders.

J Am Osteopath Assoc. Author manuscript; available in PMC 2021 September 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tobey et al.

Page 10

Conclusion

The current study found that OCMM improved spatial memory and reduced cerebrovascular
waste products in the brains of rats. Cranial bone deflections induced by OCMM may
improve fluid circulation, which in turn could improve the metabolic waste clearance

in the aged rat model of AD. Further investigations are required to validate the current
experimental findings in human participants.
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Figure 1.
(A) Position of the anesthetized animal when performing osteopathic cranial manipulative

medicine (OCMM) and a closer view of OCMM performance. (B) Time taken to reach
platform on each experiment day. Rats received 4 days (days 1-4, platform visible) of
training before probe trials (days 5-8, platform invisible). Sixteen-week-old untreated young
adult (UTyg) male rats exhibited significantly shorter escape latency on day 1-8 compared
with untreated (UT) aged rats. During training day 4 and probe days 5 and 6, OCMM-treated
rats reached the platform sooner than the UT rats. (C) Representative plots show the
trajectory of UT and OCMM-treated animal movement. Four quadrants, platform location
(circle at northwest quadrant), starting (blue dot), and end (red dot) points are marked. (D)
Histograms show the distance travelled, number of entries to the northwest quadrant (NW),
time spent in NW, and distance travelled in NW on the last day (day 4) of the training trial
period. n=6; unpaired, 2-tailed, test, 8/<.05, °/<.01, and °/<.001.
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Figure 2.
Histograms show the relative florbetapir F18 signal in untreated (UT; n=3) and osteopathic

cranial manipulative medicine (OCMM)-treated (n=3) aged rats. Normalized and averaged
(mean [SE]) signals revealed a numerical reduction in amyloid B (Ap) levels at midbrain
(24.5% [2.4%)]), ventral tegmental area (19.1% [2.6%]), hippocampus (13.4% [1.6%]), and
whole brain (11.2% [2.9%]) of OCMM-treated UT rats.
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Figure 3.
(A, B) Representative whole-gel pictures of Western blot assays show the total amyloid

(Ap) motif containing proteins as probed with 2 monoclonal anti-AB42 primary antibodies
recognizing N-terminal (Abcam, No. ab201060 [A]) and C-terminal (Cell Signaling, No.
14974 [B]) end of the Ap42 peptide. SynAB4, control synthetic rat A4, peptide (Anaspec
No. AS-25381). Untreated young adult (UTvs4), control rat brain lysate. Arrowheads indicate
the expected ~4-kDa size AP4» peptide. Higher-molecular-weight (~37 kDa) bands indicate
the presence of variable length of amyloid C-terminal domain fragments with intact

AB4» motif. Relative density analysis revealed that rats treated with osteopathic cranial
manipulative medicine (OCMM; n=3) had significantly less (/£<.05, 100 pg of total protein
was loaded) anticipated ~4-kDa A4, peptide and ~37 kDa fragments in N-terminal ([D]
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P<.05 for ~4 kDa, £<.05 for ~37 kDa) and C-terminal ([E] /A<.05 for ~4 kDa) recognizing
anti-Ap4y antibodies. (C) Western blots showing total glial fibrillary acidic protein (GFAP),
aquaporin-4 (AQP4), and lymphatic vessel endothelial hyaluronic receptor 1 (LYVEL)
expression in aged untreated (UT) and OCMM-treated rats; GAPDH served as a control.
All Western blots were repeated with duplicate samples of each animal brain lysate. (F-H)
Histograms of relative density analysis reveal that OCMM-treated rats had significantly
higher GFAP (£<.001), AQP4 (/<.05), and LYVEL (/<.01) expression than the UT rats
(P<.05). (J) Immunohistochemical assay shows the increased expression of GFAP at the
dentate gyrus in OCMM-treated rats. (1) Histograms represent the normalized averages and
statistical significance. Unpaired 2-tailed rtest, 2/<.05, P/<.01, ¢A<.001. Scale bar, 20 pM.
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Figure 4.

(A) Representative immunohistochemical images of the hippocampal CAL1 region in
untreated (UT; n=3) and osteopathic cranial manipulative medicine (OCMM)-treated

(n=3) rat brain sagittal sections immunostained for glutamic acid decarboxylase (GADG67),
vesicular glutamate transporter 1 (VGLUT1), and 4,6-diamidino-2-phenylindole (DAPI).
(B) Puncta density analysis reveals significantly increased expression of VGLUT1 but not
GADG7 in the CAL region (mean [SEM] puncta density in UT, 1.0 [0.33] vs OCMM, 1.57
[0.34]; A<.05). (C) Western blots show the increased expression of GAD67. GAD67 (UT
relative density, 1.00 [0.23] vs OCMM, 2.68 [0.11]; A<.001) and (D) VGLUT1 (UT relative
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density, 1.00 [0.12] vs OCMM, 2.35 [0.07]; A<.01). Histograms represent the normalized
averages. Unpaired 2-tailed rtest, 2/<.05, °/<.01, ©/<.001. Scale bar, 10 uM.
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