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Biophotonic Strategies of Measurement and
Stimulation of the Cranial and the Extracranial
Lymphatic Drainage Function

Oxana Semyachkina-Glushkovskaya
Vladimir Nikolenko, Thomas Penzel

Abstract—In this review, we discuss the crucial role of cranial
and the extracranial lymphatics in keeping the central nervous
system (CNS) health. We talk about the important lymphatic
mechanism of removal of metabolites and toxins from the brain,
which orchestrates the regenerative processes in CNS. We debate
a novel knowledge about the lymphatic mechanism responsible
for maintaining the balance between the exit and the entrance of
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molecules and cells from and into CNS. Finally, we highlight the
pioneering technologies of biophotonic stimulation of lymphatic
drainage function that can open a new era for the development
of novel bedside, readily applicable and commercially viable tech-
nologies for the treatment of brain diseases.

Index Terms—The cranial and the extracranial lymphatics,
brain diseases, photostimulation of the lymphatics.

1. INTRODUCTION

HE lymphatic door from and into the brain is Yin and Yang
T in the cerebral homeostasis. Over the last few decades, the
crucial role of the cerebral lymphatics in keeping the central
nervous system (CNS) health has been actively debated [1]-
[17]. The lymphatic mechanisms of removal of metabolites and
toxins from the brain tissues orchestrate recovery processes in
the CNS [17]. The lymphatic abnormalities are accompanied
by suppression of the cerebral spinal fluid (CSF) outflow that
contributes the elevation of intracranial pressure (ICP) [18].
Because CSF production is actively regulated to maintain nor-
mal ICP [19], damage to the outflow pathways could drive
compensatory decreases in CSF production and turnover [20]
or altered patterns of CSF flow. Either of these could result in
decreased waste and toxin clearance, as is seen in aging and
some neurological diseases.

The cribriform plate is a center of lymphatic pathway of
metabolic clearance and is connective bridge between CSF and
the cervical lymphatic system [1]—[3], [21]-[26]. The cribriform
plate is a fenestrated bony plate of the ethmoid bone that sepa-
rates the cranial and nasal cavities. Once through the plate, CSF
is absorbed by the lymphatic vessels (LVs) in the nasal mucosa
and drained into the cervical lymph nodes (cLNs) [27]. There has
been speculation that the interstitial fluid (ISF) and CSF leave the
brain via the extracellular space between the olfactory sensory
nerve (OSN) axon bundles [28], as the intercellular space be-
tween axon bundles provide low-resistance directed pathways
for fluid flow [29]. Fig. 1 illustrates the cribriform-lymphatic
anatomical connection.

The disruption of cribriform-lymphatic connection is a key
mechanism underlying development of various neurological
disorders. Indeed, acute blockage of CSF outflow by surgically
obstructing the cribriform plate results in an increase in ICP [30]
and outflow resistance [31], [32] in adult [33] and neonatal
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Fig. 1. The cribriform-lymphatic anatomical connection: (a) — Anatomical
connection between the cribriform plate and the cervical lymphatics; (b) —
anatomical structure of the cribriform plate; (c) — the schematic illustration
of location of LVs in the cribriform plate. In schema (1) LVs tightly surround
the olfactory nerve and the lymphatic endothelium fuses the nerve. In schema
(2) LVs join with the cribriform plate and LVs follows the nerve some distance.
In both scenarios (1) and (2) LVs collect CSF and direct it into cLNs; no CSF
enters into the submucosal interstitium. In (3) LVs are not connected directly
with the cribriform plate and the nerve but are interspersed throughout the
olfactory submucosa. In this proposal, CSF enters first into the submucosal
interstitium from which it is absorbed into entering LVs. The schemes were
modified from [1].

sheep [34]. Surgical procedures in humans and mice that ablate
the olfactory nerves provides the development of hydrocephalus
in the immediate post-surgical period. The obstruction of the
nasal lymphatics due to inflammation could lead to a viral
invasion and infection of the brain [35]. The surgical removal
of the deep cervical lymph nodes (dcLN) — the first anatomical
station of CSF exist from the brain, leads to cognitive impairment
inmice [36] and necrotic changes in neurons with infiltration of
phagocytes in rabbits [37]. The cerebral edema, elevation of the
intracranial pressure (ICP), abnormalities of electrical activity
of the brain and behavior alterations have been observed after
chronic blockade of the cervical lymphatics in dogs [38], [39].
Ligation of the cervical lymphatic vessels (cLVs) results in the
brain edema with an increase in concentration of proteins in the
cerebral spinal fluid (CSF) in cats and rabbits [40], [41]. The
blockade of this lymphatic pathway aggravates the severity of
brain edema and contributes to an elevation of ICP after stroke
and subarachnoid hemorrhage [11], [42], [43].

Intriguingly, there may be a connection between the patency
of the clearance pathway through the cribriform plate and neu-
rodegenerative diseases [26], [44]. The neurons whose axons
make up the nerve bundles that traverse the cribriform plate,
such as the olfactory sense nerve (OSN), are exposed to envi-
ronmental toxins and air pollutants [45], which epidemiological
studies have associated exposure to neurodegenerative diseases.
Furthermore, anosmia and decreased acuity in the sense of smell,
which will result from OSN damage, reliably precede many
neurological disorders [47]. The reduction in smell and taste
one of the first and mystery symptoms of COVID-19 [46]-[48]
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Fig. 2. Schematic illustration of lymphatic door into the brain: (1) nanoparti-
cles brain delivery via MLVs bypassing the blood-brain barrier (BBB) [63]; the
choroid cells injected into acupuncture point ST36 transfer to the striatum, the
choroid plexus and the substantia nigra [61].

is accompanied by various neurological manifestations [49].
One of hypothesis explains that the virus infiltrates the brain,
possibly from the nose, and affects olfactory centers (olfactory
bulb and cortex), thereby reducing smell sensations [50]. This
scenario has been considered by several investigators [51]-[56].

A lymphatic-CSF relationship is an important mechanism of
immune communication. Indeed, the injection of blood in the
different brain regions causes a humoral immune response in
mice generated mainly by dcLNs [57]. Similarly, the injection
of serum albumin in the subarachnoid space induces antibody
production by cLNs in cat [58], [59]. Interestingly, serum
antibody titer was reduced after obligation of cLNs [58]. Thus,
cLNs may act to prime immune cells to target the brain. There
has been speculation that lymphatic drainage of brain antigens
could contribute to the pathogenesis of Alzheimer’s disease and
multiple sclerosis [60].

However, lymphatic pathway of CSF outflow is not one-way
trip, there is evidence that lymphatic window is opened also
into the brain. Just recently, it was shown that the injection of
choroid plexus cells into the ST36 acupuncture point (Zusanli)
causes neuroprotective effect in mice with Parkinson’s disease
due to delivery of injected cells to the brain that was associated
with a decrease in tyrosine hydroxylase expression, activation
of inflammatory and apoptosis factors [61]. The injected cells
were present in the striatum, the choroid plexus and in the sub-
stantia nigra one week after administration. There is hypothesis
that injected cells enter the popliteal LVs surrounding ST36
acupuncture point and transfer into the brain through the lymph
(Fig. 2). The confirmation of possible lymphatic entrance into
the brain was found recently [61]. Zhao et al. demonstrate that
injection of fluorescent nanoparticles subcutaneously close to
dcLNs is accompanied by nanoparticles brain delivery through
the meningeal lymphatic vessels (MLVs) [62].

Thus, the lymphatic system is a door from and into the brain,
which maintains balance between the exit and the entrance
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of molecules and cells from and into CNS contributing Yin
and Yang in the cerebral homeostasis. Since the obstruction of
cribriform-lymphatic route contributes the development of vari-
ous neurological disorders, augmentation of lymphatic drainage
function can open a new era for therapy of brain diseases
associated with reducing CSF outflow from the brain.

II. PHOTOSTIMULATION OF THE LYMPHATIC SYSTEM

The transcranial photostimulation (tPS) is considered as a
possible novel nonpharmacological and non-invasive promis-
ing strategy for prevention or delay of AD [63]-[69], de-
pression [70]-[75], Parkinson’s disease [76], stroke [77], [78],
traumatic brain injuries [79], [80], post-mastectomy lym-
phedema [81], [82], and post-surgical swelling [82]-[84]. The
PS, known as low-level laser therapy, was first proposed by
Endre Mester in 1967 for stimulation of hair growth [85] and
in 1971 for wound healing [86]. The PS has broadened to
include near-infrared wavelengths 600—1200 nm. The better
tissue penetration properties of near-infrared light, together
with its good efficacy, made it the most popular wavelength
range.

The PS-mediated stimulation of lymphatic drainage and clear-
ing function might be one of the mechanisms underlying an
important role of PS in neurorehabilition [87]. Due to a good
penetration of PS into the brain cortex, tPS can stimulate MLVs.
In our recent pilot study on mice with the injected AD model, we
have clearly demonstrated that 9 days course of tPS (1267 nm,
32 J/cm?) strongly reduces AJ3 plaques in the brain which is
associated with improving of the memory and neurocognitive
deficit [63]. Based on our data on the real time monitoring
of lymphatic clearance of gold nanorods (GNRs) from the
cortex, the hyppocampus, the right ventricle, and the cisterna
magna, we have proposed that the tPS-mediated stimulation of
lymphatic drainage might be a possible mechanism underlying
the tPS-climination of AS from the brain. These results open
breakthrough strategies for a non-pharmacological therapy of
AD and give strong evidence that tPS might be a promising
therapeutic target for preventing or delaying AD.

We investigated possible mechanisms of tPS-stimulation of
lymphatic drainage and clearance [88], [89]. Our results demon-
strate that already low PS doses (1267 nm, 5 and 10 J/cm?) cause
relaxation of the mesenteric LVs and increase their permeability
to fluorescent macrophages via a decrease of expression of the
tight junction proteins and the transendothelial resistance. We
hypothesized that a PS-mediated increase in the permeability of
the lymphatic endothelium might be the mechanism of transport
of macromolecules and cells in the narrow cerebral LVs. The
increasing of permeability of the lymphatic endothelium is the
key factor underlying lipids diffusion and macromolecules from
the tissues to the LVs, which may help to explain why the adipose
tissue is always located adjacent to collecting lymphatics and the
lymph nodes [90]-[92].

The transport of macromolecules across the collecting LVs is
coupled to water flux and sensitive to lymph pressure [90]. The
inherent permeability of LVs is sufficient to broadcast antigens,
passing within lymph to the cLNs [91]. Kuan ef al. clearly
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demonstrated that the delivery of soluble antigens, such as
FITC-conjugated endogenous proteins and Ea-GFP is possible
due to the permeability of the LVs [91].

This process exposes a large community of endocytic and
phagocytic cells, particularly dendritic cells and macrophages.
Physiological mechanisms underlying the lymphatic permeabil-
ity to macromolecules remain, however, unknown. The possible
role of Lyve-1 and CCL-21 might be involved in the regulation
of migration of immune cells through the lymphatic endothe-
lium. The Lyve-1 is a transmembrane receptor of hyaluronan,
which regulates cell migration in the course of wound healing,
inflammation, and embryonic morphogenesis [93]. This protein
is expressed primarily on both the luminal and abluminal surface
of the lymphatic endothelium [93], [94] and plays an important
role in hyaluronan transport providing for migration of immune
cells [95]. The CCL is secreted by the lymphatic endothelial
cells and is involved in activation of T-lymphocyte movement,
migration of the lymphocytes to other organs, and dendritic cells
into the lymph nodes [96].

Nitric oxide (NO) can be another modulating factor of lymph
flow [97]-[102]. There are multiple sources of NO that could
influence on the LVs funtions: 1) NO production from the
endothelial nitric synthase in the lymphatic endothelium; 2) NO
generation from the inducible nitric synthase in immune cells;
3) NO release from neural nitric synthase in the parenchyma
or the perivascular lymphatic nerves [100], [102]-[105], 4)
countercurrent exchange of NO from adjacent arteries or veins.
The predominant NO production in the LVs occurs in the
valve-bulb region [106], [107]. The high-shear force of lymph
flowing through the open valve leaflets contributes to elevating
of NO levels near the valve. The NO-mediated modulation of
valves closing and opening coordinates the flow of lymph in the
LVs [108]. In sum, the data above open new strategies for an
alternative non-pharmacological therapy of brain diseases via
photomodulation of the lymphatic mechanisms of drainage and
clearance of CNS tissues.

III. NONINVASIVE TECHNOLOGIES OF STIMULATION OF THE
EXTRACRANIAL LYMPHATICS

Photostimulation of the cerebral lymphatics has significant
limitation to be clinically applied due to low penetration of
light via the skull, which provides significant scattering effect.
Therefore, photostimulation of the extracranial lymphatics can
be a promising candidate for modulation of the brain lymphatic
system via the cribriform-lymphatic connection. The intranasal
irradiation might be most effective method for therapeutic stim-
ulation of CSF outflow.

At the beginning of 1990’s in Russia [109]-[111] and in
China, [112], [113] experiments were started to study the
irradiation of bloodstream of nasal cavity. Many Russian studies
were focused on treatment of rhinitis [109], sinusitis [110],
and ischemic heart diseases [114], while the Chinese investi-
gations were dedicated mainly to neurological diseases, such as
stroke [115]. The technique of intranasal irradiation of blood
and LVs involves a diode laser device (mainly at 650-660 nm,
810-830 nm) with 10-30 mW of power, attached inside the nose.
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The treatment duration varies from 15 min to 30 min per day
for 10—14 days (consecutively or not). There are four suggested
pathways discussed in the literature, that mediating the intranasal
low-level laser/light therapy: the olfactory nerves, blood cells,
meridians in traditional Chinese medicine, and the autonomic
nervous system. The special treatment was called intranasal low
intensity laser therapy (ILILT) and started to be clinically applied
broadly on patients in the end of 1990’s [113], [116].

ILILT might be a promising candidate for effective treat-
ment of obstruction of the cribriform-lymphatic route and an
improving of CSF outflow. The mechanism by which ILILT
can affects obstruction of the cribriform plate has not been
adequately explored, although it makes sense that it should
because NO modulates the LVs contraction and subsequent the
lymph flow [117]. Photostimulation causes the light-stimulated
release of NO [118]-[120]. NO is produced by the endothelial
nitric oxide synthase in the lymphatic endothelial cells, which
in turn affects the dilation and force of LVs contractions [121],
[122]. NOis a well known vasodilator that acts via stimulation of
the soluble guanylate cyclase to form the cyclic-GMP (cGMP).
cGMP activates the protein kinase G, which causes re-uptake
of Ca2+ and the opening of calcium-activated potassium chan-
nels. The fall in concentration of Ca2+ prevents the myosin
light-chain kinase from phosphorylating the myosin molecule,
leading to relaxation of the smooth muscle cells in the lining
of blood and LVs [123]. There are several other mechanisms
by which NO could conduct signaling pathways, including the
activation of the iron-regulatory factor in macrophages [124],
modulation of proteins such as the ribonucleotide reductase
[125] and aconitase [126] stimulating the ADP-ribosylation
of glyceraldehyde-3-phosphate dehydrogenase [127] and the
protein-sulfhydryl-group nitrosylation [128]. The successful
clinically application of ILILT for therapy of the brain diseases
shown in several studies. ILILT is used for treatment of patients
with Alzheimer’ disease [129] and improves insomnia problems
[130]-[132]. The mechanisms of therapeutic effects of ILILT
are not clear, but there is evidence that ILILT modulates blood
circulation and drainage function of the lymphatic system [133].
Fig. 3 schematically illustrates a possible mechanisms of ILILT
of the obstruction of the cribriform-lymphatic pathway of CSF
outflow.

IV. OPTOGENETICS AS SELECTIVE PHOTO-TECHNOLOGY FOR
THE STUDY OF MECHANISMS UNDERLYING ILILT

Optogenetics (from Greek optikds ‘seen, visible’) is a tech-
nique that involves the use of light to cause or inhibit well-
defined events in specific cells of living tissue and behaving
animals [134], [135]. In 2010, optogenetics was chosen as the
“Method of the Year” across all fields of science and engineering
by the interdisciplinary research journal Nature Methods [136].
At the same time, optogenetics was highlighted in the article on
“Breakthroughs of the Decade” in the academic research journal
Science [137], [138].

The field of optogenetics has furthered the fundamental sci-
entific understanding of how specific cell types contribute to
the function of biological tissues such as neural circuits in vivo
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Fig. 3. Schematic illustration of ILILT of the cribriform plate and the olfac-

tory nerve that provides the stimulation of CSF outflow via the extracranial
lymphatics.

[134], [135]. Moreover, on the clinical side, optogenetics-driven
research has led to insights into Parkinson’s disease [139], [140]
and other neurological and psychiatric disorders [141]-[144].

Optogenetis is also pioneering tool that has recently been
crafted to modulate spontaneous vasomotion and manipulation
of the lymphocyte trafficking, the inflammasome activation,
the dendritic cell maturation, and antitumor immunity through
the photoactivation of the engineered chemokine receptors and
Ca2+ release via light-activated the calcium channels [145]-
[148].

Therefore, this technology could be implemented in the de-
velopment of new strategies of a targeted photo-stimulation of
lymphatic drainage and clearing functions. For example, recent
genetic screening reveal that patients with mutations in GJC2
or GJA1, encoding the gap junction proteins Cx (connexin) 47
and Cx43, respectively, develop primary lymphedema [149]-
[152]. Possible mechanisms include defects in 1-way endothelial
valves that minimize lymph back-flow or impairment of the
spontaneous contractions of the lymphatic muscle cells, both
of which are critical for efficient lymph transport. Castorena-
Gonzalez et al. found that lymphatic contractions are highly
coordinated along LVs segments because of the rapid conduc-
tion of pacemaking signals between the Cx-coupled lymphatic
muscle cells [153]. Using transgenic mouse models to delete
specific Cx isoforms, this research group show that each of the
3 major endothelial Cxs (Cx47, Cx43, Cx37) are dispensable
for the initiation and entertainment of spontaneous lymphatic
contractions. However, the smooth muscle—specific Cx45 defi-
ciency results in the disruption of both electrical and contraction
waves. Lymph transport is impaired in the intact hindlimbs
of Cx45-deficient mice only when a gravitational load is im-
posed [154]-[156]. These findings suggest that lymphedema
in the dependent extremities of human patients with Cx47 or
Cx43 mutations is related to reduced valve density and com-
petency rather than contractile dysfunction or dyssynchrony.
Therefore, the development of transgenic animals expressing
both a light-gated photon channel (channelrhodopsin 2, ChR2),
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which is widely used in optogenetics, and Cx in the lymphatic
endothelium might be a promising tool to examine possible
targets of optogenetic photostimulation of lymphatic drainage
for therapeutic purposes [157], [158].

Among the optogenetic methods, a technique called “opto-
genetic noise-photostimulation” [157], [158] could be useful
to determine the optimal light intensity of light for lymphatic
photostimulation. For instance, Mabil et al. demonstrated that
a light intensities below 0.67 mW allows to avoid opto non-
genetics related responses due to light-induced temperature
changes [159].

Recently, it was reported that a light in the visible range
can affect the neuronal physiology in a cell-specific manner.
Ait Ouares et al. demonstrated that a light by itself modulates
ion channels by changing the temperature from 0.1 to 0.4 °C
associated with the generation of a hyperpolarizing current and a
modification of action potential shape [160]. Tissue temperature
linearly increases with a light power reaching an average value
0of 0.03 °Cat | mW and 0.4 °C at 13 mW. In contrast, optogenetic
photostimulation can produce physiological responses in cells in
the brain not associated with light-induced temperature changes,
at least at a range below 0.67 mW [159]. We expect that all
these selective techniques could allow more detailed research the
specific mechanisms underlying ILILT as effective photostimu-
lation treatment in the cribriform-lymphatic-plate obstruction”.

V. MEASUREMENT OF THE LYMPH FLOW

The development of promising technologies of the cerebral
and the extracranial lymphatics strongly depends on the non-
invasive methods of measurement of the lymph flow.

The volumetric flow rate of the lymph as well as the concen-
tration of cells in the flow are the key parameters characterizing
the lymph perfusion in tissue [161]. The increasing of the relative
lymph flow rate indicates regulatory response of the lymphatic
system to external or internal factors. In a long term temporal
scale the increase of local lymphatic perfusion could indicate
LVs growth as compensatory response to external factors [162]—-
[164].

Current interest to the physiology and the functionality of
MLVs demands for non-invasive techniques for a label-free as-
sessment of the lymphatic perfusion. Even a qualitative detection
of the lymph perfusion in the brain tissues could potentially
revolutionize the understanding of the brain physiology and in
particular MLVs [162]-[164].

However the detection of the lymphatic perfusion is not a
trivial procedure that currently can be performed only with
very specific animal models like the rat intestine mesentery
lymphatic [88], [89] or the mouse ear skin [165]-[170], but
no label-free detection of the lymph flow through MLVs has
been reported yet. Both of these models represent the peripheral
lymphatic system and provide the advantage of intravital optical
imaging of the LVs structure and function [161], [168].

The rat mesentery is a transparent structure with the averaged
refractive index 1.38 that consists of two thin (approx 10 ;. m
both) layers of conjunctive tissue with a single layer of the
blood and well developed LVs between them. It provides an
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Fig. 4. Transmission light microscopy image of LV of the rat mesentery (a)
and Evans Blue dye fluorescence in LVs of the mouse ear (b).

ideal condition for both a transmitted light and fluorescent
microscopy with highest possible numerical resolution. That
makes it possible to track the movement of individual cells with
the lymph flow [168] as well as injection of a fluorescent dye to
visualize the lymph flow itself [161].

The disadvantage of the rat mesentery model is its invasive-
ness. To overcome this issue, a mouse ear model is also used for
studies of the lymphatic system [161], [165], [167], [168]. Thin
ear skin with single layer of LVs makes it possible to perform
microscopic imaging of LVs and the blood vessels with fluo-
rescent techniques. While individual cells in the lymph flow are
hard to be resolved, fluorescent angiography enables mapping
of LVs and the lymph flow velocity measurements [161], [167],
[169].

A typical image of the rat mesentery LV is shown in Fig. 4(a).
The LV appears as a light band filled with rare circulating cells
in the center of the image. Digital tracking of these cells can be
performed to measure the lymph flow velocity and to estimate
the cell concentration. Fig. 4(b) represents fluorescence of Evans
blue dye into LVs of the mouse ear.

In contrast to these animal models non-invasive optical imag-
ing of MLVs is impossible even in mice due to light scattering
of the non transparent skull and the skin, under which MLVs are
localized. Currently dynamic MRI of contrast enhanced CSF is
capable for estimation of the flow rate trough MLVs [162], while
the structure and the anatomy of MLVs can be reconstructed with
ex vivo fluorescent microscopy [162], [163].

Earlier we have demonstrated the use of coherent laser light
scattering for measurements of the lymph flow velocity in the
rat mesentery vessels [171], [172]. The schematic diagram of
the instrument is presented in Fig. 5(a). The measurements were
performed using the rat mesentery LVs. Laser light was focused
at distance z above the vessel in order to produce a translating
speckle field resulting from light scattering on the moving cells.
Within the mesentery plane laser, the diverging laser beam
overlaps the entire cross-section of LVs. Coherent light scattered
with the moving cells produces a dynamic speckle field. It
is a characteristic diffraction pattern consisting of randomly
distributed bright spots, namely speckles Fig. 5(b). The speckle
pattern translates in the same direction as the lymph cells and its
velocity is directly proportional to these cells with the factor of
L/z (Fig. 5(a)) [171], [172]. Translation velocity of the speckle
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Fig. 5. Laser speckle technique for the rat mesentery lymph flow velocity
measurements [171],[172]. The instrument (a); laser speckles within the detector
plane, (b); cross-correlation of photodiode signals due to translation of speckles
(c), and (d) comparison of the lymph flow velocity measured with laser speckle
technique (solid line) with results of digital tracking of cells. In panel (a): D1, D2
are the photodiode detectors; z is the separation between laser beam waist and
the lymph vessel plane; L is the distance between the object and the detection
plane.

pattern Vip,ccries can be measured by the analysis of the mutual
correlation of photocurrent fluctuations from two photodiodes
D1 and D2 (Fig. 5(a)), as it is shown in Fig. 5(c).The peak of
the mutual correlation is displaced by the time interval required
for moving speckle pattern to cover the separation between
detectors.

Fig. 5(d) shows the lymph cells velocity measured with the
laser speckles technique (solid line) and that measured with
direct tracking of the cells on video sequence recorded simulta-
neously. The advantage of the use of coherent laser radiation is
that the laser speckle contrast is close to 1 even when the cell
image could not be resolved because the cell is out of focus or
because the light scattering tissue covers LV. Namely the laser
speckle technique allows to detect the cell movement even when
the cells are not visible. In the case of high scattering of light
by tissues translation of speckle pattern can be destroyed and
speckles will “boil” but anyway movement of cells results in
detectable fluctuations of a speckle pattern. That principle has
been successfully applied for visualization of LVs of the mouse
ear with laser speckle contrast analysis technique [167], which
allows for full field visualization of speckle fluctuations. The
fluctuating speckle field appears blurred when captured with
long exposure although its “instant” contrast is close to 1 because
of the high coherence of laser light. The fast moving cells, like
the red blood cells produce rapidly fluctuating speckle field. It is
blurred even at short exposure time about several ms. A longer
exposure time is suitable to detect the slowly moving cells, e.g.
the capillary blood flow. The higher contrast corresponds to the
slower movement of cells. Fig. 6(a) and (b) show the distribution
of the speckle field contrast over the nude mouse ear.

Fig. 6(a) corresponds to exposure time of 33 ms and (b) to
that of 650 ms. On the Fig. 6(b) a white pattern corresponding
to a vessel-like structure is visible. The white area corresponds
to the higher contrast, namely to the cells moving slower than
the background. Thus this is a “negative” image of the moving
cells within the tissue. These regions could be interpreted as
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Fig. 6. Principles of laser speckle imaging of LVs. Contrast of laser speckle
image depends on the blood flow velocity within so called sensitivity interval
confined within dashed lines (a). Short exposure time (red line) enables to
detect fast variations of speckle contrast, while longer exposure times (green
line) discover background circulation (b). Short exposure time of laser speckle
imaging enables the blood vessel imaging (c); long exposure time of laser speckle
imaging reveals LVs as a light shaded regions with low background circulation
(d) [167].

—

(d)

regions without blood microcirculation e.g. LVs. Figs. 6(c) and
(d) show fluorescent intravital microscopy image of LVs and its
superposition with a LASCA image respectively.

The laser speckle contrast technique is useful for the detection
of the superficial vessels. The deep circulation manifests itself
as an average of fluctuations of coherent light scattered by living
biological tissue. Because no structure of the vessels could be
resolved at a depth of several millimeters the resulting speckle
field fluctuations represent only the averaged velocity and con-
centration of the moving cells. The technique based on the
detection of averaged fluctuations is referred to as laser Doppler
flowmetry [161], [173]. Typically laser Doppler flowmetry is
aimed to detect fast fluctuations of laser speckles, related with
the circulation of red blood cells. But it is possible that a slow
movement of the lymph also contributes into the laser Doppler
flowmetry signal at low frequencies. The averaged velocity of
the lymph does not exceed 0.1 mm/s, while the averaged velocity
of the red blood cells is within the range 0, 1-5 mm/s. Thus laser
speckle fluctuations related with the lymph microcirculation can
be detected at low frequencies. The problem of detection is chal-
lenging because of the interference of involuntary movements
of an object, cardiac and respiratory activity as well vasomotor
reaction.

VI. THE DRIVING MECHANISMS OF CSF OUTFLOW

The other limiting factor for the progress in the development
of technologies of stimulation of brain drainage is the not
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well-established connective bridge between ISF and CSF flow as
well as the driving mechanisms of CSF outflow from the brain.

The presence of arterial pulsations in the brain vasculature
can be regarded as a proven fact. Hadaczek et al. [174] investi-
gated the movement of the interstitially infused macromolecules
within the brain at different combinations of the blood pressure
and the heart rate including cardiac arrest. Iliff er al. [175]
showed that the perivascular pulsations accelerate the spread
of dye and suggested that they provide a kind of pumping
mechanism through the parenchyma, being one of the key el-
ements of the glymphatic hypothesis. Later, this statement was
criticized [176]-[178].

In Butler [179], pulsations were studied at the micro-level: the
shape and phases of a single pulse wave in the arterial and venous
vessels in response to injection were evaluated. A phase lag in
the venous vessel relative to arterial was detected. In Postnov D.
D. et al. [180] the speckle flowmetry method was used to build a
map of the intensity of vascular pulsations. The relative powers
of pulsations in the arteries, the veins, and the parenchyma are
estimated. In contrast to the previous work, no significant phase
shift from the arteries to the veins was found. In addition, it
was shown that the pulsations in the parenchyma are spatially
homogeneous.

Gao et al. [181] used two-photon microscopy to image the
vascular dynamics in the somatosensory cortex of awake be-
having mice. They showed that the mechanism of intracortical
vessel dilation by brain tissue sculpts the hemodynamic re-
sponse. Bedussi B. et al. [182] observed that microspheres move
preferentially in the perivascular space of the arteries rather than
in the adjacent subarachnoid space or the veins. The perivascular
flow was pulsatile, generated by the cardiac cycle, with the net
antegrade flow. The paper [183] shows that the direction of flow
in the cerebral aqueduct can change during one cardiac cycle.

Kiviniemi er al. [184] showed that the spectral power of the
respiratory rhythm in the signal obtained by ultra-fast magnetic
resonance is not inferior to the one of cardiac pulsations. It
looks counter-intuitive, since the respiratory rhythm is recorded
throughout the body, but its power is usually much lower than
that of the heart. Why is this not so for the brain? Recently,
Vinje V. et al. [185] possibly answered this question. In their
work, they evaluated the contribution of heart and respiratory
rhythms to CSF movement. It was found that pressure gradients
underlying CSF flow are dominated by cardiac pulsations, but
induced CSF flow volumes are dominated by respiration. No
significant differences were found for this relationship between
sleep and wakefulness.

The third type of pulsation reported in [184] was very low
frequency (VLF 0.001-0.023 Hz). The VLF pulsations were
found as the most complex in the spatiotemporal dynamics.
Recently, Fultz N. E. et al. [186] reported the results of the
sophisticated multimodal study that revealed the formation of
ultra-slow synchronized electrophysiological, hemodynamic,
and CSF oscillations in human sleep. In contrast to [184], here
the ultra-slow oscillations have a very simple, globally synchro-
nized pattern which appear specifically during non-REM sleep.
The important new feature revealed is the phase lags between
the EEG, BOLD, and CSF signals, which allow drawing the
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Fig. 7. The plausible schemes of brain drainage. (a) based on glymphatic
hypothesis, (b) based on arterial pulsations with zero bulk flow, and (c¢) pulsation-
powered mechanism exploiting the hypothesised small LVs. Digits in circles
denote the key issues to discuss, see text.

conclusions about the causal chain. Specifically, it is shown that
a very slow EEG wave precedes the changes in cerebral blood
flow that, in turn, is followed by CSF peak.

Since CSF movement plays an important role in the brain
drainage mechanisms, it is important to mention that there are
alternative points of view on the main sources of CSF and, there-
fore, on the way it moves. According to the usual point of view,
CSF formation occurs mainly in brain ventricles, in choroid
plexuses. The CSF formation, together with CSF absorption and
circulation, represents the so-called classic hypothesis of CSF
hydrodynamics. However, there is also an alternative point of
view known as Oreskovi¢ and Klarica hypothesis [187], [188].
According to this alternative hypothesis, CSF is permanently
produced and absorbed in the whole CSF system as a conse-
quence of filtration and reabsorption of water volume through
the capillary walls into the surrounding brain tissue.

We can see how different hypotheses play, both long known
and newly emerging ones. After 2012, the proposed glymphatic
hypothesis caused such a revision. In particular, Hladky and
Barrand [189] reviewed the playability of glymphatics and its
alternatives, in which there are pulsations, but they do not create
bulk flow. The variants of proposed mechanisms provided the
basis for a number of model studies comparing them to each
other [190].

Fig. 7 shows the most interesting flow management options
under various assumptions. Panel (a) shows how flows flow
according to the glymphatic hypothesis [191], [192]. This glia-
mediated transport occurs through the brain extracellular space
and deliver of wastes to the venules for clearance along peri-
venous spaces. The mechanism to major extent relies on the fact
that arterial pulsations create a directed bulk flow of CSF from
the pial membrane (1) to the parenchyma region near PVS (2).
However, this pumping is a weak point of the hypothesis and has
caused the main criticism of the hypothesis as a whole, as we
mentioned above [17], [178], [193], [194]. Also, this mechanism
makes impossible the fast release substances from the opened
blood-brain barrier (BBB) (3), and especially the erythrocytes
to the meningues, since they cannot move freely through the
parenchyma, and in the periarterial space they would have to
move upstream. Additionally, one may wonder how efficiently
metabolic waste can reach MLVs by exiting the venous PVS (4).
The fact that LVs, rather than the veins, are the major outflow
pathway for both large and small molecular tracers in mice was
demonstrated by Ma et al. [195].
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Panel (b) of the figure displays the mechanism of “pulsation-
assisted diffusion”, which many critics of the glymphatic hy-
pothesis suggest as the more likely mechanism [17], [177],
[178], [196]. According to this mechanism, the rapid transport
of substances in any direction is possible due to the fact that
arterial pulsations create oscillations of fluid, which dramatically
accelerates diffusion even at zero net flow. This mechanism
works equally well in both directions along PVS. It is not very
clear how much it takes place for the venous vessels (5), but
this is possible, since a number of works reported rather strong
pulsations of blood flow in them [179], [180]. However, just
as for the glymphatic hypothesis, it is difficult to explain the
facts of the fast and approximately simultaneous transport of
macromolecules and the cells in MLVs (6).

Panel (c) of Fig. 7 shows a variant that could be plausible
if the small perivascular LVs would be found. In this case, the
role of pulsations would be even more important, since the weak
directed flow of CSF into hypothesized LVs together with local
pulsations of the brain fluid, which accelerate the exchange with
the parenchyma, can provide effective short-distance movement
of metabolic waste into LVs from the surrounding parenchyma
(7). This could work equally well for: (i) transfer of substances
from the subarachnoid space to the parenchyma; (ii) washing
out of amyloids from the parenchyma and transfer of substances
from the opened BBB, in a certain proportion, to the meninges,
to the parenchyma, and also to hypothetical perivascular LVs.
(3) the transfer of the red blood cells mainly to LVs, since arterial
PVS seems narrower and more difficult to pass through.

VII. CONCLUSION

Taking together, photomodulation of the cranial and the ex-
tracranial lymphatics might be a promising candidate for ther-
apy of brain diseases associated with CSF outflow disorders.
Latest discoveries suggest that the infrared laser irradiation
significantly affects the drainage and clearing function of the
lymphatics in the brain meninges and in the cribriform plate,
which is main station of CSF exist from the brain. In this aspect,
ILILT can be the effective noninvasive technique for therapy of
obstruction of the cribriform plate leading the development of
various brain pathologies due to the blocking of CSF drainage.
The pilot results of several research groups clearly demonstrate
that the lymphatic system is door not only from the brain but also
into it. It sheds light on the development pioneering strategies
in drug delivery into the brain bypassing the BBB. However,
photostimulation of MLVs is limited by low penetration of laser
through the skull, which provides significant scattering effects.
Most likely that photostimulation of MLVs can be clinically
applied only in neonates via the fontanels. In adults, ILILT is
a more promising approach for modulation of the extracranial
lymphatics. But, there are no well-recognized guidelines and
protocols for ILILT. The photostimulation of the lymphatic
mechanisms of restorative functions of the brain is still in
infancy. Nevertheless, these promising technologies might be
progressive step in neurorehabilitation medicine opening a new
era for the development of novel bedside, readily applicable and
commercially viable and non-pharmacological technologies for
the treatment of brain diseases.
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