™ |

Check for
updates

Research Article Vol. 11, No. 2/1 February 2020/ Biomedical Optics Express 725 |

Biomedical Optics EXPRESS AS

Photobiomodulation of lymphatic drainage and
clearance: perspective strategy for
augmentation of meningeal lymphatic functions

OXANA SEMYACHKINA-GLUSHKOVSKAYA,':" ARKADY
ABDURASHITOV,!:2@® ALEXANDER DUBROVSKY,! MARIA KLIMOVA,!
ILANA AGRANOVICH,' ©® ANDREY TERSKOV,! ALEXANDER
SHIROKOV,1:3 ® VALERIA VINNIK,! ANNA KUzZNECOVA,! NIKITA
LEZHNEV,! INNA BLOKHINA,' ©® ANASTASSIA SHNITENKOVA,'
VALERY TUCHIN,'24® EDIK RAFAILOV,'> AND JURGEN
KURTHs1:6:7

ISaratov State University, Astrakhanskaya Str. 83, Saratov 410012, Russia

2Tomsk State University, 36 Lenin’s Ave., Tomsk 634050, Russian Federation, Russia

3 Institute of Biochemistry and Physiology of Plants and Microorganisms, Russian Academy of Sciences,
Entusiastov Str. 13, Saratov 410049, Russia

4 Institute of Precision Mechanics and Control of the Russian Academy of Sciences, 24 Rabochaya Str.,
Saratov 410028, Russian Federation, Russia

5 Optoelectronics and Biomedical Photonics Group, Aston University, Birmingham, B4 7ET, UK

S Humboldt University, Newtonstrasse 15, 12489 Berlin, Germany Potsdam, Germany

7 Institute for Climate Impact Research, Telegrafenberg A31, 14473 Potsdam, Germany

*glushkovskaya@mail.ru

Abstract: There is a hypothesis that augmentation of the drainage and clearing function of the
meningeal lymphatic vessels (MLVs) might be a promising therapeutic target for preventing
neurological diseases. Here we investigate mechanisms of photobiomodulation (PBM, 1267 nm)
of lymphatic drainage and clearance. Our results obtained at optical coherence tomography
(OCT) give strong evidence that low PBM doses (5 and 10 J/em?) stimulate drainage function of
the lymphatic vessels via vasodilation (OCT data on the mesenteric lymphatics) and stimulation of
lymphatic clearance (OCT data on clearance of gold nanorods from the brain) that was supported
by confocal imaging of clearance of FITC-dextran from the cortex via MLVs. We assume
that PBM-mediated relaxation of the lymphatic vessels can be possible mechanisms underlying
increasing the permeability of the lymphatic endothelium that allows molecules transported by
the lymphatic vessels and explain PBM stimulation of lymphatic drainage and clearance. These
findings open new strategies for the stimulation of MLV functions and non-pharmacological
therapy of brain diseases.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The meningeal lymphatic vessels (MLVs) of rodents [1,2], non-human primates and humans [3]
have recently (re)discovered and characterized, although the role of these vessels in the central
nervous system (CNS) function and in pathologies remains unclear. Our group [4-7] and others
[1,2,8] have shown that meningeal lymphatic vessels play an essential role in maintaining brain
homeostasis by draining macromolecules from the CNS (both cerebral spinal fluid, CSF and
interstitial fluid, ISF) into the cervical lymph nodes. There is pioneering data suggesting that
disruption of MLVs is an aggravating factor in the development of Alzheimer’s disease and
promotes amyloid-8 deposition in the meninges, which resembles human pathology [8]. Indeed,
the amyloid-f protein was initially isolated from the brain meninges of patients with Alzheimer’s
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disease [9]. Based on these data, it has been assumed that augmentation of drainage and clearing
function of MLVs might be a promising therapeutic target for preventing or delaying Alzheimer’s
disease [8].

The development of non-pharmacological methods for a therapy of Alzheimer’s disease is a
highly actual problem in medicine because there are no pharmacological drugs that provide an
effective therapy of Alzheimer’s disease and limit the development of cognitive impairment [10].
Note that pharmaceutical companies such as Biogen, Johnson & Johnson, Pfizer announced the
cancellation of funding for the synthesis of antibodies for the treatment of Alzheimer’s disease
due to the failure of clinical trials [11]. Obviously, in the next couple of decades, the main
strategies for a treatment of AD will be non-invasive methods of stimulation of clearance of the
toxic beta-amyloid from the brain tissues.

In our recent pilot study on mice with the injected model of Alzheimer’s disease, we have
clearly demonstrated that 9 days course of transcranial photobiomodulation (tPBM, 1267 nm,
32 J/cm?) reduces beta-amyloid plaques in the brain that is associated with improving of
the memory and neurocognitive deficit [7]. Using of our original method based on optical
coherence tomography (OCT) analysis of clearance of gold nanorods (GNRs) from the brain,
we have proposed a possible mechanism underlying tPBM-stimulating effects on clearance of
beta-amyloid via the lymphatic system of the brain and the neck. We hypothesized that the
tPBM-mediated stimulation of lymphatic drainage might be possible mechanism underlying the
tPBM-elimination of beta-amyloid from the brain. These results open breakthrough strategies
for a non-pharmacological therapy of Alzheimer’s disease and give strong evidence that tPBM
might be a promising therapeutic target for preventing or delaying Alzheimer’s disease.

To test our hypothesis, in this study we analyzed the effects of tPBM on lymphatic pumping and
contractility as main physiological mechanisms underlying fluid transport and waste clearance
from tissues.

2. Methods
2.1. Subject

Experiments were performed in mongrel male mice (20 to 25 g, n=90) in accordance with the
Guide for the Care and Use of Laboratory Animals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1996), and the protocols were approved by the
Institutional Review Boards of the Saratov State University (Protocol 7, 07.02.2017). The mice
were housed at 25 +2°C, 55% humidity, and 12:12 h light — dark cycle. Food and water were
given ad libitum.

In our experiments on healthy mice we studied mechanisms underlying the PBM-mediated
(1267 nm) stimulation of lymphatic drainage and clearance. There are technical difficulties
for visualization and monitoring of the lymph flow (included both ISF and CSF) as well as
contractility of MLVs due to an extremely slow lymph flow in these transparent vessels and
their very small size [4]. Therefore, for a clear visualization of PBM effects on lymphatic
vessels, we analyzed PBM effects on tone and constriction of the mesenteric lymphatics as a
classical model for the study of lymphatic functions. Note, that the MLVs express all of the
molecular hallmarks of lymphatic endothelium that allows to extrapolate the data obtained from
the mesenteric lymphatic vessels to MLVs [5].

2.2. PBM of the mesenteric lymphatic tone and contraction: OCT monitoring

For PBM on the mesenteric lymphatics, the abdomen was opened through a midline incision
and the mesentery was gently exteriorized under anesthesia with ketamine (Sigma Chemical
Co, 40 mg/kg, i.v.). To eliminate motion artifacts, the mesentery was stabilized by placing it
on a Perspex stage. The duration of the recovering process was at least 1 hour after surgical
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preparation until the mesenteric lymph flow was stabilized. PBM was applied during 61 min
using the sequence of: 17 min — irradiation, 5 min — pause. A fiber Bragg grating wavelength
locked a high power laser diode (LD-1267-FBG-350, Innolume, Dortmund, Germany) emitting
at 1267 nm was used as a source of irradiation. The laser diode was pigtailed with a single mode
distal fiber ended by the collimation optics to provide a 5 mm beam diameter at the specimen.
Four laser output power densities were used at this study — 50, 100, 150, and 200 mW/cm? (laser
power was measured after the collimation lens). For taken power densities and exposure time of
1020 seconds, the following laser fluences were delivered to the surface of the brain during the
experiments: 51 Jlem?, 102 J/em?, 153 J/cmy, 204 J/em?2, which were converted into 5 J/em?2, 10
J/em?, 30 J/cm?, 70 J/cm? at the brain’s surface according to transmission data. The heating of
the mesenteric and the brain tissue (in other sets of experiments) caused by exposure to light was
monitored by using a thermocouple data logger (Pico Technology, USB TC-08, Cambridge shire,
UK).

1267 nm (5-10-30-70 J/cn?)

Ktii

Fig. 1. Schematic illustration of PBM of function of mesenteric lymphatics.

To study the effect of different PBM-doses (5-10-30-70 J/cm?) on the contractility of the
mesenteric lymphatics, we used optical coherence tomography (OCT) for in vivo monitoring
of influences of different PBM doses (5-10-30-70 J/cm?) on the diameter of the mesenteric
lymphatic vessels and their contractility. The choice of PBM dose is determined by the results of
our previous studies, where we showed that the PBM-dose 32 J/em? is effective for stimulation
of clearance of beta-amyloid from the mouse brain [7]. The transmission analysis revealed that
only 10% of the laser energy goes to the brain via the intact mouse skull (the scalp was removed),
i.e. 5J/cm?. Therefore, were selected 5 J/cm? as a minimal PBM dose for stimulation of the
mesenteric contractility. Other PBM dose (10-30-70 J/cm?) was selected arbitrarily.

The OCT monitoring of mesenteric lymphatic functions was performed in 4 groups of mice
before and after PBM: 1) 5 J/cm?; 2) 10 J/cm?; 3) 30 J/cm?; 4) 70 J/cm?; n = 10 in each group.

2.3. tPBM of the clearance of GNRs from the mouse brain: OCT monitoring

To study the effects tPBM (via the intact skull, the scalp was removed) on drainage function of
MLVs, we analyzed clearance of GNRs from mouse brain before and after tPMB (64 J/cm?). The
choice of the PBM dose was due to our results obtained in the first step of the experiments, where
we found that the PBM (10 J/cm?) more significantly stimulates contractility and changes in
diameter of the mesenteric lymphatic vessels than PBM (5 J/cm?), PBM doses 30 J/cm? and 70
J/em? suppress pumping and contractility of the mesenteric lymphatics. Such high energy doses
were delivered onto the surface of the mesenteric lymphatic vessel with the diffraction limited
light spot of 10 um. Due to the very low effective absorption inside the thin the mesentery only a
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small percentage of this energy is effectively contribute to photomodulation of the lymphatic
activity. In our previous study on mice with Alzheimer disease, we have shown that tPBM
32 J/cm? (on surface of the brain) is the minimal laser dose for stimulation of clearance of
beta-amyloid from the brain [7]. Considering the results of transmission experiments, tPBM (32
J/em?) is related to PBM (5 J/cm?) effects on the mesenteric lymphatics. Since we obtained that
PBM (10 J/cm?) is most effective for stimulation of contractility of the mesentaric lymphatic, we
doubled the tPBM dose.

For PBM mice with shaved head were fixed in stereotaxic frame and irradiated in the area of
the frontal cortex using the sequence of: 17 min — irradiation, 5 min — pause during 61min.

We used the commercial spectral domain OCT Thorlabs GANYMEDE (central wavelength
930 nm, spectral band 150 nm, axial resolution 4.4 ym in water, and maximal imaging depth 2.7
mm). To provide a lateral resolution of about 13 pm within the depth of the field, the LSM02
objective was used. A-scan rate of the OCT system was set to 30 kHz. Each B-scan consists of
2048 A-scans to ensure an appropriate spatial sampling.

At each location, 50 B-scans were taken. Logarithmic intensity values were converted into a
linear scale via the equation Ij;, = exp([1,/20). This stack was then stabilized with respect to the
reference region (emptiness in the lymphatic node). After stabilization process B-scans were
averaged to increase signal-to-noise ratio and accuracy of the measurements.

Since a lymph is optically transparent (low absorption and scattering) in a broad range of
wavelengths, “empty” cavities exist in the resulting OCT image of the lymphatic node with a
background signal-to-noise ratio inside. In order to image the lymph dynamic accumulation
within these cavities, a suspension of GNRs was used as a contrast agent, for which the OCT
signal intensity is proportional to the nanoparticle concentration. By tracking the OCT signal
temporal alterations inside the node’s cavity, we could confirm the clearance pathways and
quantify its relative speed. The OCT recordings were performed under anesthesia with ketamine
(100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.).

GNRs coated with thiolated polyethylene glycol (5 puL at a rate of 0.1 uL/min, the GNRs
average diameter and length of 16 + 3 nm and 92 + 17 nm) were injected in the cortex (AP - 1.06
mm; DV - 1.5 mm; ML - 1.5 mm), the hippocampus (AP - 2.0 mm; ML - 1.3 mm; DV - 1.9 mm),
the cisterna magna, and the right lateral ventricle (AP - 1.06 mm; DV — 2.0 mm; ML — 2.0 mm)
30 min before tPBM. Afterwards, OCT imaging of dcLN was performed during the next 1h for
each mouse. The GNR was used with a concentration of 500 pg/ml, and the injected dose of 5 pl
containing 2.5 pug Au.

The OCT monitoring of accumulation of GNRs in dcLN was performed in 4 groups of mice
before and after PBM (64 J/cm?) and injected of GNRs into: 1) the cortex; 2) the hippocampus;
3) the cisterna magna; and 4) the right lateral ventricle; n = 10 in each group.

2.4. The confocal imaging of the clearance of FITC-dextran 70 kDa from the brain via
MLVs

FITC-dextran 70 kDa (5 pL at a rate of 0.1 pL/min Quintessential Stereotaxic injector 53311,
Stoelting, US) was injected into the cortex (AP - 1.06 mm; DV — 1., ML - 1.5 mm) in 10 mice.
This area of the brain was selected due to stronger PBM effects on clearance of GNRs from the
cortex which we obtained in previous steps of experiments. Afterward mice were decapitated;
their meninges were removed and fixed as described in Ref. 12. To label MLV and the cerebral
veins, meninges were incubated overnight at + 4°C with goat anti-rabbit LY VE-1 antibody (1:500;
PA-16635, Invitrogen, Molecular Probes, Eugene, Oregon, USA) and goat anti-mouse NG2
antibody (1:500; ab 50009, Abcam, Cambridge, United Kingdom), respectively. After several
rinses in PBS, the meninges were incubated for 3h at room temperature with fluorescent-labeled
secondary antibodies on 1% BSA/0.2% Triton X-100 /PBS (1:500; goat anti-rabbit IgG (H + L)
Alexa Four 555 and goat anti-mouse IgG (H + L) Alexa Four 647; Invitrogen, Molecular Probes,
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Eugene, Oregon, USA) with further confocal analysis (Leica TCS SP 5 (Leica Microsystems
Inc., Germany).

2.5. Statistical analysis

The results were reported as a mean value + standard error of the mean (SEM). Differences from
the initial level in the same group were evaluated by the Wilcoxon test. Intergroup differences
were evaluated using the Mann-Whitney test and the ANOVA-2 (post hoc analysis with the
Duncan’s rank test). The significance levels were set at p <0.05 for all analyses.

3. Results

3.1. PBM-dose related changes in tone of the mesenteric lymphatic vessels

We first evaluated dose-related PBM effects on the mesenteric collecting lymphatics using laser
irradiation in different intensities 5-10-30-70 J/cm?. The mesenteric lymphatic vessels are
typically found in parallel with arterioles and venules surrounding by adipose cells in mouse
mesentery. Figure 2-1 illustrate dose-related changes in tone of the mesenteric lymphatic vessels.
The low PBM dose (5 J/cm? and 10 J/cm?) induced a relaxation of the mesenteric lymphatics
with maximum response to 10 J/cm?. The higher PBM dose (30 J/cm? and 70 J/cm?) completely
blocked the contractility of these vessels.'Based on these finding, we used PBM (10 J/cm?) in
further set of experiments as the most effective PBM dose.

3.2. The effects of PBM on the contactile function of mesenteric lymphatic vessels

In the next step, we studied PBM effects on contractility of the mesentertic lymphatic vessels
in systole and diastole. Figure 2-II demonstrates the fluctuation character in the changes of the
diameter of mesenteric lymphatic vessels and lymph flow in them related to systole (constriction
and the rise of lymph flow) and diastole (dilation and the fall of lymph flow).

The PBM increased physiological fluctuations in contractility of the mesenteric vessels and
lymph flow (75.3 £ 7 um vs. 68.1 = 11 um, p < 0.05 for the average diameter and 6.0 + 2.3 um/sec
vs. 6.2 £ 2.1 um/sec, for the average speed) (Fig. 2-II). Such high values of deviation of the flow
and vessel diameter are related to the constriction cycle (namely its amplitude and frequency) of
the lymphatic vessel (Fig. 2-1I). Figure 2-III-V illustrate OCT imaging of increase in diameter of
the mesenteric lymph vessel in systole and diastole after tPBM (10 J/cm?). The supplementary
material (Visualization 1) demonstrates a dilation of the mesenteric lymphatic vessel and an
increase a number of macrophages (green points) inside the cavity of vessel after tPBM (10
J/em?) due to an increasing of interstitial fluid (lymph) uptake.

3.3. The effects of tPBM on the clearance of GNR from the mouse brain

In the next step, we intended to study the effects of tPBM (10 J/cm?) on the drainage function of
the meningeal lymphatic system. With this aim, we made injection of GNRs in different areas of
the brain and monitored in vivo by OCT accumulation of GNRs in dcLN before and after tPBM.
The table in Fig. 2-VI shows that tPBM significantly increased clearance of GNRs from the brain.
Indeed, the rate GNR accumulation in dcLN was higher 55.7-fold in the cortex, 14.78-fold in
hippocampus, 4.8-fold in the cisterna magna, 2.3-fold in the left ventricle.

3.4. The clearance of FITC-dextran from the brain via MLVs

To analyze the involvement of MLVs in clearance of molecules from the brain, FITC-dextran
was injected into the cortex with further confocal analysis of its removing from the brain via
MLVs labeled by LY VE-1 (marker of lymphatic endothelium, blood vessels were labeled by
NG?2). Figure 1-VII clearly shows the presence of FITC-dextran in MLVs 5 min after its injection
in the cortex suggesting about lymphatic pathways of removing of tracers from the brain.



—

Effectivness, a. u.

—
—

S

1.2 ®  Exp. data
14 Poly Fit
0.4 1
0 -
5 10 30 70
Delivered energy, M.J/cm?
€ i B
i 100 : H E
T
£ v i
& 50 i :E > »
e i - 5. vg
0 200 400 600 800 3
Time (s) B s 20g
£ Q
@ ] T g o -3
g TN 22
S N " ?
?; ¥ ' Lip Time (s)
2 1
& i , A4
200 T 400 ©) 600 500 dilation of
ime (s lymphatic vessel
£ 10 * @ 20 A/
f 75 ;{; g 10 smooth muscle cell
g 'ao; 0 l%
s 50 8 10
a 25 0 20
~ Control Laser ~ Control Laser
Control group Value of slope
intensity (cistern) 0,02290
intensity (ventriculus) 0,15117
intensity (cortex) 0,00737
intensity (hyppocampus) 0,03742
Laser group Value of slope
intensity (cistern) 0,115 *** Yium)
intensity (ventriculus) 0,35563 ***
intensity (cortex) 0,41052 ***
intensity (hyppocampus) 0,55308 ***

300

X(um) 350 400 450 50, 50
Fig. 2. The PBM of lymphatic tone and contraction: I — PBM-dose related changes in tone
of the mesenteric lymphatic vessels; II — The changes in diameter (um) of the mesenteric
lymphatic vessels and lymph flow (um/sec) in them before and after tPBM (10 J/ecm?); 11 -
The illustration of changes in diameter of the mesenteric lymphatic vessel in systole (A) and
diastole (C) before (A and C) after (B and D) PBM (10 J/cm?), scale bars are 100 um (see
also Visualization 1); IV — The time-related changes of diameter of the mesenteric lymphatic
vessels before (A) and after (B) PBM (10 J/cmz), scale bars are 5 um; V — Schematic
illustration of PBM-mediated relaxation of the mesenteric lymphatic vessel; VI - The OCT
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4. Discussion

In these experiments on male mice we studied mechanisms underlying the PBM-mediated
stimulation of lymphatic clearance of molecules from the brain, which our group [4-7] and
others [1,2,8] discussed in previous studies. The meningeal lymphatic system has prompted
an assessment of its role in waste clearance from the brain, including clearance of toxic of
beta-amyloid [1,2, 4-9]. Our [7] and other experimental findings [8] clearly show that an
augmentation of drainage and clearing function of MLVs might be a promising therapeutic target
for preventing Alzheimer disease. In our recent study we demonstrated tPBM (1267 nm, 32
J/em?) of clearance of beta-amyloid from the mouse brain leading to an improving of neurological
and cognitive status of mice with Alzheimer disease. Here we studied mechanisms underlying the
PBM-mediated (1267 nm) stimulation of lymphatic drainage and clearance. There are technical
difficulties for visualization and monitoring of the lymph flow (included both ISF and CSF) as
well as contractility of MLV due to an extremely slow lymph flow in these transparent vessels.
For example, a full clearance of radio-iodinated albumin from the brain requires 25-26 hrs in
sheep, cats and rabbits [13]. Therefore, for a clear visualization of PBM effects on lymphatic
vessels, we analyzed PBM effects on tone and constriction of the mesenteric lymphatics as a
classical model for the study of lymphatic functions. Our results indeed give strong evidence that
the low PBM doses (5 J/em? and 10 J/cm? (maximal effect)) induces a relaxation of mesenteric
lymphatics in both systole and diastole with a decrease in contraction amplitude (Fig. 2-1-V).
We find that a further increase in the PBM dose (30 J/cm? and 70 J/cm?) completely blocks
contractility of these vessels (Fig. 2-I). In our study we used a laser with wavelength 1267 nm,
which produces singlet oxygen directly without photosensitizers [15]. In other studies, using
lymphatic-specific photodynamic therapy with photosensitizers, which generate singlet oxygen
after laser excitation, a suppression of lymphatic contractility also has been shown [16].

The lymphatic vessels run in parallel to the blood vascular system and serve an absorption
and clearing role draining a lymph to the lymph nodes/lymphoid organs that facilitates immune
control and protection. During the day, approximately 20 L of plasma is filtered through the
vascular endothelium of capillaries in the extracellular space in humans and 17 L of the filtered
plasma are reabsorbed back into the venous vessels, while three liters remain in the extracellular
or interstitial fluid (ISF) [14]. The lymphatic system is not a closed system and the lymphatic
vessels are opened in the extracellular scape which provides the return of three liters of ISF to
the blood. The contractility of lymphatic vessels is the driving force for active lymph pumping
against adverse pressure gradients [17]. The back flow within the lymphatic system is limited by
a one-way valves [18]. During systole lymphatic muscles constrict and both inflow and outflow
valves are closed that results in a rapid rise in the intraluminal pressure. When the intraluminal
pressure exceeds the outflow pressure, the outflow valve opens, ejecting lymph [19]. During
diastole lymphatic muscles dilate, intraluminal pressure falls, the outflow valve closes, and the
inflow valve then opens to allow filling of the lymphangion. This sequence of events is illustrated
by us in the mesenteric lymphatics before and after PBM: consecutive changes in constriction
and dilation with an increase and decrease in lymph flow in these vessels, respectively (Fig. 2-III).
However, PBM induced relaxation of mesenteric lymphatic vessels with a decrease of constriction
amplitude in systole and diastole. At the same time, using the same PBM dose (64 J/cm? via the
intact skull, 10 J/cm? on the brain surface) and OCT for in vivo monitoring of accumulation of
GNRs in dcLN, we demonstrated a significant PBM stimulation of clearance of GNRs from the
brain. We also identified the meningeal lymphatic pathway for draining molecules from the brain
using confocal imaging of clearance of FITC-dextran 70 kDa from the cortex via MLVs. Thus,
we found the relaxing effects of PBM on the mesenteric lymphatics and the stimulating effects
of PBM on clearance of GNRs from the brain. We hypothesized that both PBM effects can be
related to a PBM-mediated increase in the permeability of lymphatic endothelium that is the key
mechanism allowing antigen and toxins transported by the collecting lymphatics to reach local
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immune cells to mediate immune responses [20]. The basal permeability may therefore serve
as the communication between lymph contents and activation of immune cells. This activation
may then lead to the production of nitric oxide (NO) or other vasoactive molecules, which would
inhibit lymphatic contractions and reduce lymph flow [19]. The increasing of permeability of
lymphatic endothelium is possible mechanism underlying lipids diffusion from the tissues to
these vessels, which may help to explain why there is always adipose tissue located adjacent to
collecting lymphatics and lymph nodes [21]. The enhancement of endothelial NO production is
a well-known mechanism of low-level laser therapy [22]. The lymphatic behavior is regulated by
NO and other endothelium-derived factors such as prostaglandins and histamine [23,24]. Both
lymphatic tone and spontaneous contractions are inhibited by NO as a result of shear stress
on the endothelium [25]. NO is a vasodilator that acts via stimulation of soluble guanylate
cyclase to form cyclic-GMP (cGMP), which activates protein kinase G causing the opening of
calcium-activated potassium channels and re-uptake of Ca>*. The decrease in concentration of
Ca”* prevents myosin light-chain kinase from phosphorylating the myosin molecule, leading
to relaxation of lymphatic vessels [26]. There are several other mechanisms by which NO
could induce lymphatic dilation: 1) the activation of iron-regulatory factor in macrophages
[27], 2) the modulation of proteins such as ribonucleotide reductase [28] and aconitase [29];
the stimulation of the ADP-ribosylation of glyceraldehyde-3-phosphate dehydrogenase [30] and
protein-sulfhydryl-group nitrosylation [31].

Thus, a PBM-mediated increasing of relaxation of lymphatic vessels and associated this
enhancement of permeability of lymphatic endothelium can be possible mechanism explaining
PBM-stimulation of lymphatic clearance of molecules from the brain (GNRs and beta-amyloid
[7,8]). Note, that cerebral and peripheral lymphatic vessels express the same molecular hallmarks
of lymphatic endothelium [5]. This fact allows us to extrapolate results obtained on PBM-
relaxation of the mesenteric lymphatic vessels to MLVs. However, MLVs are proposed to be
primitive lymphatic vessels lacking smooth muscles and lymphatic valves [1] suggesting that
the increasing of permeability of lymphatic endothelium might be a leading factor in cerebral
lymphatic drainage and clearance. Note that the anatomy and functions of cerebral lymphatic
are not well understood which significantly limits our understating of mechanisms responsible
for PBM effects on the lymphatic drainage and clearance. There are other data, in which it
was shown the lymphatic vessels with valves at the base of the skull, but their distribution was
relatively scarce and the valves are separated by long stretches of valveless vessel segments [2].
Antila also reported numerous lymphatic vessels with valves in the foramen magnum, cervical
verterbrae, in the lymphatics flanking the pterygopalatine and middle meningeal arteries [32].
Lohrberg et al. demonstrated the presence of lymphatic vessels in the pia matter and in the brain
tissues [33]. Prineas was first, who reported lymphatic channels in the brain tissues in individuals
with neurological disorders [34]. Obviously, it needs more time for a better understating the
physiology of cerebral lymphatics. In our recent review, we discussed the important role of
MLVs in regenerative mechanisms of the brain and that stimulation of lymphatic drainage and
clearance will contribute the progress in an effective therapy of neurological diseases such as
stroke, brain trauma, neurodegenerative diseases, glioblastoma [5]. PBM-mediated stimulation
of cerebral clearance and drainage might be the promising tool in an augmentation of function of
the cerebral lymphatic system and non-pharmacological therapy of brain pathologies.

5. Summary

In this experimental work on male mice, we clearly demonstrate effects of PBM on lymphatic
drainage and clearance. The low dose of PBM relaxes of the mesenteric lymphatics with decrease
in contraction amplitude and significantly increases clearance of molecules (GNRs) from the
brain, partly via MLVs as we showed with clearance of FITC-dextran from the cortex. We
believe that PBM-mediated relaxation of lymphatic vessels can be one of mechanisms underlying
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in increasing of permeability of lymphatic endothelium that allows molecules transported by
lymphatic vessels and explain PBM stimulation of lymphatic drainage and clearance.
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