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Background: Glioblastoma is an incurable and aggressive oncological disease of the brain. Recent studies have shown that tran-
scranial non-invasive photobiomodulation is a promising new alternative method for suppression of glioblastoma growth. The
lymphatic endothelium of the meningeal lymphatic vessels is an important target for the therapeutic effects of photobiomod-
ulation. However, the functions of the meningeal lymphatic vessels decline with age. Therefore, it remains unknown whether
photobiomodulation can be effective in adults and the elderly. To answer this question, this study examined the role of the
meningeal lymphatic vessels and brain drainage in age-related differences in resistance to glioblastoma.

Methods: The studies were performed on 6- and 24-month-old rats using a model of fluorescent glioblastoma. Tumor progression
was assessed using magnetic resonance imaging and the Fluor I in vivo fluorescence imaging system. Photobiomodulation was
performed for 14 days for phototherapy of glioblastoma or once to study photoeffects on the brain’s drainage. Brain drainage
was studied by optical imaging of the lymphatic excretion of dye from the brain to the deep cervical lymph nodes, as well as by
assessing the water content in brain tissues and the intracranial pressure. Histological and immunohistochemical methods were
used to study apoptosis, proliferation and migration of CD8+ cells from the peripheral lymphatic system to glioblastoma.
Results: We clearly show that the network of the meningeal lymphatic vessels and brain drainage reduced in 24-month-old
rats vs. 6-month-old animals (p < 0.001), which is accompanied by a decrease in resistance to the development of glioblastoma.
Photobiomodulation significantly increases survival in 6-month-old (p < 0.001), but not in 24-month-old rats via an improvement
of the functions of the meningeal lymphatic vessels, including a facilitating the traffic of protective CD8+ cells to glioblastoma (p
< 0.001), reducing intracranial pressure and brain edema. The blockade of lymphatic communication between the peripheral
and meningeal lymphatic systems completely suppresses the therapeutic effects of photobiomodulation in 6-month-old rats (p <
0.001).

Conclusion: Thus, photobiomodulation is an effective method of stimulation of brain drainage and immunity increasing re-
sistance to glioblastoma progression in early but not in late ontogenesis due to the age-related decline in the functions of the
meningeal lymphatic vessels.
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Introduction show that immune senescence is more exaggerated in can-
cer subjects and is considered a worse prognosis in several

Glioblastoma (GBM) is an aggressive malignancy of solid cancers [9—11]. This age-related impaired lympho-

the brain in older adults with a very poor overall survival
rate [1-3]. Age is an important factor in the incidence and
survival of GBM [4]. Indeed, GBM is more common in old
people with a peak in incidence between the ages of 45 and
65 years old [5]. The immune system undergoes gradual
changes with aging [6,7]. Age-related reduction of lympho-
cytes leads to immune incompetence in the elderly resulting
in increased susceptibility to infections [8]. Several studies

cyte function imposes a barrier to the therapy of GBM in
the elderly [12,13].

Recently, transcranial non-invasive photobiomodula-
tion (PBM) has been proposed as a promising alternative
method for effective suppression of GBM progression and
improvement of brain resistance to GBM [14,15]. The
meningeal lymphatic vessels (MLVs), playing an important
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role in the regulation of the brain’s drainage, are an impor-
tant target for the therapeutic effects of PBM [14,16—19].
In various models of brain diseases, including Alzheimer’s
disease [17,18], intraventricular hemorrhages [16], diabetes
mellitus [19], and glioma [14,15], it has been established
that PBM stimulates lymphatic pumping contributing to
an increase in lymph flow and leading to removal of dis-
solved in the cerebral spinal fluid (CSF) compounds from
the brain.

However, there is evidence that clearance and brain
drainage are decreased with aging [20-23]. Indeed, old
mice have regression in branches of the dorsal MLV, while
the basal MLVs increased in size and showed hyperplas-
tic phenotypes that are regarded as functional adjustments
to the age-related decline of CSF drainage [23,24]. These
age-mediated changes in the morphology of MLVs are also
associated with lymphatic valve dysfunction due to a de-
crease in the expression of transcription factors the pros-
pero homeobox protein 1 (PROX1) and the forkhead box
protein C2 (FOXC2) [25-28]. The basal MLVs from old
mice show a dysmorphic distribution of the type IV colla-
gen and a reduction of the number of valves compared with
young mice [23]. In old mice, the lymphatic endothelial
cells are dispersed, while in young animals they are elon-
gated and distinctly clustered in the basal MLVs suggesting
less lymph flow in aged MLVs [23,26,28]. The patterns of
junctions in the pre-collecting lymphatic vessels in young
and aged mice are quite different [27,29]. The disruption
of the junctions of the lymphatic endothelial cells leading
to an impaired lymph flow is considered one of the initiat-
ing factors for age-related lymphatic alterations [27,29].

Since the lymphatic endothelium of MLVs is an im-
portant target for PBM, it remains unknown whether the ef-
fects of PBM can be therapeutically effective in aged sub-
jects in whom the MLV functions have declined. To an-
swer this question, this study examined the effects of PBM
on GBM growth in young and aged rats. To investigate
the mechanisms of age-related differences in sensitivity to
PBM, we studied the photo-effects on GBM cell prolifera-
tion, apoptosis, and brain drainage, including an assessment
of the survival of rats with GBM after removal of the deep
cervical lymph nodes (dcLNs) in 6- and 24-month-old rats.

Materials and Methods

Subjects

Wistar male rats (lot No. 2-1.2-0254P/23), aged 6 and
24 months, weighing between 380 and 597 grams, were
used in all experiments. These rats were obtained from the
National Laboratory Animal Resource Centre in Pushchino,
Moscow, Russia. The animal experiments were conducted
in accordance with the «Guide for the Care and Use of Lab-
oratory Animals», the Directive 2010/63/EU on the Protec-
tion of Animals Used for Scientific Purposes, and the guide-
lines provided by the Ministry of Science and Higher Edu-

cation of the Russian Federation (Ne 742 from 13.11.1984).
Additionally, the experimental protocols were approved by
the Bioethics Commission of the Saratov State University
(Protocol No. 8, 18.04.2023). The choice of rat age is re-
lated to the evaluation of PBM efficacy in young (6 months
old) and in aged animals (24 months old), corresponding to
25-30 and 65-75 years of age in humans [30]. The experi-
ments were performed in the following groups: (1) the con-
trol included 6-month-old rats without PBM; (2) 6-month-
old rats + PBM; (3) the control included 24-month-old rats
without PBM; (4) 24-month-old rats + PBM; n = 5-10 in
each group in all experiments.

Model of GBM

The C6 rat glioma cell line (lot No. 101) was ob-
tained from the Russian Cell Culture Collection of Ver-
tebrates, which is part of the Institute of Cytology at the
Russian Academy of Sciences in Saint Petersburg, Rus-
sia. To create a fluorescent model of glioblastoma, we
prepared a transfected C6-TurboRFP cell line as described
in this publication [14]. C6 cells were cultured in a
growth medium called Dulbecco’s Modified Eagle Medium
(DMEM) (C410E; Paneco, Moscow, Russia), which was
supplemented with 2.5% fetal bovine serum (FB-1101/500;
Biosera, Cholet, France), 4 mM glutamine (F031; Paneco,
Moscow, Russia), penicillin (50 IU/mL), and streptomycin
(50 mg/mL) (A066; Paneco, Moscow, Russia). The C6 rat
glioma cells were transfected with TurboRFP-C DNA plas-
mids (FP231; Eurogen, Moscow, Russia) using the method
of liposomal transfection with Lipofectamine 2000 Trans-
fection Reagent (11668019; Invitrogen, Waltham, MA,
USA). After transfection, the cells were selected using a
geneticin G418 antibiotic (ant-gn-1; InvivoGen, Toulouse,
France). The control of bacterial and fungal contamination
and the determination of the morphology of C6 cells were
carried out using immunofluorescence microscopy (Le-
ica DMI3000 B, Leica Microsystems, Wetzlar, Germany)
with DAPI (4’,6-Diamidino-2-phenylindole) and Hoechst
Nucleic Acid Stains (D1306; Invitrogen, Waltham, MA,
USA). The C6 cell morphology was stable. For additional
control of mycoplasma contamination, PCR testing was
performed with Mycoplasma Detection Kit (PP-401L, Jena
Bioscience, Jena, Germany). The resulting cell line, C6-
TurboRFP, has a negative mycoplasma test, and stable cul-
tural and morphological characteristics.

Subsequently, C6 glioma cells were genetically mod-
ified with C6—TurboRFP-C DNA constructs. The C6—
TurboRFP cells, at a concentration of 5 x 10° cells per
rat, were injected into the brain at the following coordi-
nates: AP—1 mm, ML—1 mm, DV—4 mm, with a vol-
ume of 15 pL. GBM volume was monitored by magnetic
resonance imagining (MRI) using the Clin scan 7T tomo-
graph (Bruker, Mannheim, Germany). The fluorescence
imaging system Fluor I in vivo (NeoScience Co., Ltd., Su-
won, Korea) was used to visualize the C6-TurboRFP cells
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in the isolated brains (excitation-500—-550 n, and emission-
550-650 nm). Using the NEOimage version 1.0.1 software
(NeoScience Co., Ltd., Suwon, Korea), the fluorescent RFP
signal was separated from the background and illumination
caused by autofluorescence and reflected light.

The Kaplan-Meier method is used to analyze ‘time-
to-event’ data to compare survival between the two groups.
Log Rank and chi-square were used [31]. The survival rate
was expressed as a percentage and calculated as the ratio of
the number of deceased rats to the total number of animals
at the start of the experiment, multiplied by 100. The two
survival curves were compared using a statistical test called
the log-rank test. This test is used to test the null hypothesis
that there is no difference between the two survival curves.
The significance of the differences was further assessed us-
ing the x? test [32]. The statistical analysis of survival was
carried out through a specialized automated program IBM
SPSS Statistics 26.0.0 (IBM, Chicago, IL, USA).

Magnetic Resonance Imaging (MRI) of GBM

GBM volume was assessed using the Clin scan 7T
tomograph (Bruker, Mannheim, Germany) as previously
described [33]. Briefly, rats were anesthetized with 2%
isoflurane at 1 L/min N5O/O5—70/30 ratio. The anatom-
ical T2-weighted magnetic resonance imaging scans were
obtained using a rapid acquisition with relaxation enhance-
ment (RARE) sequence. The parameters were as follows:
repetition time (TR) of 5000 milliseconds, echo time (TE)
of 56 milliseconds, field of view (FOV) of 4 centimeters
by 4 centimeters, slice thickness of 1 millimeter, slice gap
of 1.1 millimeters, and 12 slices. The matrix size was 256
by 256, and the number of averages was three. The T1-
weighted imaging was performed using the RARE tech-
nique with a TE of 9.6 milliseconds, a TR of 1000 mil-
liseconds, and a RARE factor of 2, resulting in four aver-
ages. This process took 4 minutes and 16 seconds to as-
sess the tumor volumes. The regions of visible hyperen-
hancement in each slice were outlined on the T2-weighted
and corresponding T1-weighted images using NIH Imagel
(Bethesda, MD, USA), v.2.9.0, open-source image pro-
cessing software. The volumes were then calculated us-
ing MATLAB software version 2018b (The MathWorks,
Inc., Natick, MA, USA). For data analysis, GraphPad Prizm
v.6.0 (GraphPad Software, Inc., San Diego, CA, USA) was
used.

PBM of GBM

A 1050 nm light-emitting diodes (LEDs) in pulse
mode were used for PBM. The head plate with LEDs fixed
on the shaved head of a rat using dental acrylic (Zher-
mack SpA, Badia Polesine, Italia) under inhalation anesthe-
sia with 1% isoflurane (Sigma-Aldrich, St Luis, MO, USA,
at the rate of 1 L/min N5O/O5—70/30 ratio). PBM was car-
ried out during 61 min: 17 min—Ilight, 5 min—pause, 17
min—Ilight, 5 min—pause, 17 min—Ilight as previously de-
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scribed in the following publications [14,15]. The irradia-
tion dose was 30 J/cm? for a single application (for the study
of CSF-drainage) and 0.42 kJ/cm? for 14 days PBM course
of GBM therapy that was performed daily in rats with 4-
week-old GBM. The temperature on the surface of the brain
remained unchanged after PBM (The light intensity at the
skull does not exceed 0.5 W/cm?), which is in line with our
previous research findings [15]. To monitor the tempera-
ture on the brain surface before and during PBM, we em-
ployed a type-A-K3 thermocouple (Ellab, Hillerad, Den-
mark) and a flexible thermocouple probe (IT-23, 0.23 mm
diameter, Physitemp Instruments LLC, Clifton, NJ, USA),
which was inserted between the parietal bone and the brain
into the epidural space.

Optical Monitoring of CSF Drainage

Optical studies of brain drainage involve the intro-
duction of dyes into CSF and subsequent observation of
the removal of dye from brain tissues to the periphery.
Therefore, in our studies we injected the fluorescein isoth-
iocyanate (FITC)-dextran (2% fluorescein isothiocyanate-
dextran (FITCD), 7 uL, Sigma, St Louis, MO, USA) into
the right lateral ventricle (AP—1.0 mm; ML—1.4 mm;
DV—3.5 mm) via polyethylene catheter (PE-10, 0.28 mm
ID x 0.61 mm OD, Scientific Commodities Inc., Lake
Havasu City, Arizona, USA). 1.5 hours after the injection,
the removal of FITCD from the brain to dcLNs was mon-
itored using confocal microscopy (Nikon A1R MP, Nikon
In struments Inc., Melville, LA, USA). The implantation of
a chronic catheter into the right lateral ventricle was per-
formed according to the protocol published by Devos and
Miller [34]. For image processing was used a Fiji open-
source platform for biological image analysis (Fiji Is Just
ImagelJ, ImageJ2 14.0/1.54g; Java 1.8.0_332 [64 bit]) [35].

Histological, Immunohistochemical and Confocal
Analysis

The rats were euthanized using a CO; chamber
(Threeshine Inc., Yuseong-gu, Daejeon, Korea). The brains
and lymph nodes were removed and preserved in a 10%
formalin solution. The tissue samples were then pre-
pared for paraffin embedding and subjected to standard
immunohistochemistry procedures. The paraffin sections
were stained with hematoxylin and eosin, and immunohis-
tochemistry was performed using the REVEAL Polyvalent
HRP-DAB Detection System. Monoclonal antibodies were
used at a dilution of 1:100, including Bcl-2-Associated X
protein (Bax) (ab216985, Abcam, Waltham, MA, USA),
Ki67 (clone SP6, abl6667, Abcam, Waltham, MA, USA),
p53 (ab131442, Abcam, Waltham, MA, USA), and CD95
(FNab03016, FineTest, Wuhan, China). Secondary anti-
bodies were used at a dilution of 1:500, and were labeled
with horseradish peroxidase. The percentage of positive
cells in 10 fields of view for each sample was calculated
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using a MicroVisor medical transmitted light pVizo-103
(LOMO, St Petersburg, Russia) with a magnification of
774.

For confocal imaging, the brains and dcLNs were
fixed at 4% buffered formalin and were sliced with a thick-
ness of 40-50 microns using a vibratome (Leica, Wetzlar,
Germany). Afterward, sections were processed accord-
ing to the standard immunohistochemistry (IHC) protocol
with primary antibodies (rat anti-CD8+ antibody (1:500;
ab22378, Abcam, Waltham, MA, USA), mouse anti-
neural/glial antigen 2 (NG2) antibody (1:500; ab50009, Ab-
cam, Waltham, MA, USA) and rabbit anti-lymphatic ves-
sel endothelial hyaluronan receptor 1 (LYVE-1) antibody
(1:500; ab10278, Abcam, Waltham, MA, USA) and sec-
ond antibodies (goat anti-rat IgG (H+L) Alexa Fluor 488
(ab150157, Abcam, Waltham, MA, USA), goat anti-mouse
IgG (H+L) Alexa Fluor 594 (ab150116, Abcam, Waltham,
MA, USA) and goat anti-rabbit [gG (H+L) Alexa Fluor 555
(ab150078, Abcam, Waltham, MA, USA). Before confo-
cal microscopy (Nikon A1R MP, Nikon Instruments Inc.,
Melville, LA, USA), 15 pL of mounting liquid (50% glyc-
erin in the phosphate buffered saline with the DAPI at
a concentration of 2 pg/mL) was applied to the section.
DAPI, Alexa Fluor 488, and Alexa Fluor 555 were ex-
cited at wavelengths of 405, 488, and 561 nanometers, re-
spectively. Evans blue was excited at 647 nanometers.
Three-dimensional data was collected by acquiring images
in the x, y, and z planes. Images were acquired using NIS-
Elements 6.14 software (Nikon Instruments Inc., Melville,
LA, USA) and analyzed using Fiji open source platform
for biological image analysis (Fiji Is Just ImageJ, ImageJ]2
14.0/1.54, Java 1.8.0 332 [64 bit]) and Vaa3D 3.4.3 open-
source visualization and analysis software.

Measurement of Brain Water Content

Brain water content was determined by the wet-dry
weight ratio method as described previously [36,37]. Rats
(n = 10/group) were sacrificed by decapitation. The brains
were removed immediately and cut into small pieces.
Brains were weighed on an analytical balance (Denver In-
strument Co., Bohemia, NY, USA) to obtain the wet weight
and then dried at 100 °C for 48 h to obtain the dry weight.
Afterward, they dried at 100 °C for 48 h to obtain the dry
weight. Brain water content was expressed as (wet weight
— dry weight)/wet weight of brain tissue x 100%.

Measurement of Intracranial Pressure (ICP)

ICP was monitored via a catheter (PE-50) filled with
artificial CSF (BioChemazone, Ontario, Canada) inserted
into the right lateral ventricle and connected to the pressure
transducer TSD104A with a DA100C amplifier (Biopac
Systems, Inc., Goleta, CA, USA). The recording of ICP was
performed using a Biopac MP160 data acquisition system
and AcqgKnowledge software 5.0.5. (Biopac Systems, Inc.,
Goleta, CA, USA).

Statistical Analysis

Microsoft Office Excel and SPSS Statistics Base 17.0
(IBM, New York, NY, USA) for Windows were used for
statistical analysis. The Shapiro-Wilk test was used to find
out whether the parameter values in the groups followed
a normal distribution. If the Shapiro-Wilk test showed that
the distribution of a parameter departed from normality (p <
0.05), a non-parametric Wilcoxon test and Mann-Whitney
test were used for calculation of the median (Me), 25th and
75th percentiles Q (25-75), maximum and minimum. Us-
ing this method, median differences were determined at Z
>1.96 at a significance level of p < 0.05 (with more than
95% probability). If the Shapiro-Wilk test did not show
evidence of non-normality, we decided to use parametric
tests. The results are presented as mean =+ standard error
of the mean (SEM). Differences from the initial level in the
same group were evaluated with Welch’s z-test and analysis
of variance (ANOVA)-2 (post hoc analysis with Duncan’s
rank test) to determine whether differences existed among
the means of three or more groups. Welch’s #-test consists of
the division of the difference between the arithmetic means
of two (control and experimental) samples by the natural
estimate of the mean-square deviation of this. T >1.96 in-
dicates a 95% probability of the mean values being different
with this method. The significance levels were set at p <
0.05 for the whole analysis.

Results

Age Differences in the PBM-Therapy of GBM:
Photo-Effects on CSF Drainage

In the first step, we studied the PBM effects on re-
sistance to GBM progression in 6- and 24-month-old rats
by assessing the GBM volume and survival. Fig. 1a,b il-
lustrate fluorescent imaging of the glioma growth pattern
with tumor invasion onto the dorsal surface of the brain in
some animals from both age groups. The MRI data revealed
that the GBM volume was lower in young rats compared
to adult animals (233 £ 2.2 mm? vs. 262 + 9.5 mm?, p
< 0.001 between 6- and 24-month-old rats, n = 10 in each
group) (Fig. 1c). Slower growth of GBM in 6-month-old
rats was accompanied by higher survival rates compared
to 24-month-old animals (x? test = 3.677, p = 0.05, n =
8 in each group) (Fig. le). PBM significantly reduced the
GBM volume (133 + 11.2 mm? vs. 233 + 2.2 mm?, p <
0001 between 6-month-old rats with and without the PBM
course; 269 £ 4.7 mm? vs. 262 + 9.5 mm?, ns between 24-
month-old rats with and without the PBM course, n= 10 in
each group) (Fig. 1c). Fig. la,b also demonstrate that af-
ter the PBM course in 6-month-old rats, no glioma growth
onto the brain surface was observed due to a decrease in its
size, while in 24-month-old rats, the glioma growth pattern
did not change. Furthermore, PBM increased survival in 6-
month-old but not in 24-month-old rats (x2 test=22.610, p
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Fig. 1. The PBM effects on the GBM progression, survival rate and brain drainage in young and adult rats. (a,b) Fluorescent

imaging of GBM size in 6- and 24-month-old rats without PBM and after PBM with red scale (a) and rainbow scale (b) fluorescence
intensity (n = 6 in each group); (c,d,f) the MRI analysis of glioma size (c), ICP (d) and brain water content (f) in the tested groups; (e)
Kaplan-Meier overall survival plots in the tested groups without and after PBM; in (c—f) n= 10, the ANOVA test with the post hoc Duncan
test, *, p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant. PBM, photobiomodulation; GBM, glioblastoma; MRI, magnetic
resonance imagining; ICP, intracranial pressure; ANOVA, analysis of variance.
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Fig. 2. Age differences in the MLV network and the PBM effects on lymphatic removal of FITCD from the brain of healthy
rats. (a) Representative images of the lymphatic vessel endothelial hyaluronan receptor 1 (LY VE-1) + vessels (green) covering the main
venous sinuses (TS/COS) in 6- and 24-month-old rats. The blood vessels are filled with Evans Blue (blue) and labeled with NG2 (red);
(b) the schematic illustration of ROI for the confocal analysis of MLVs; (c) quantitative analysis of LY VE-1 coverage expressed in % of

ROI; (d) representative images of dcLNs in 6- and 24-month-old healthy rats before and after PBM (single application); (e) quantitative
analysis of FITCD in 6- and 24-month-old healthy rats before and after PBM, n = 8 in each group, ***, p < 0.001, the ANOVA test with
the post hoc Duncan test. ns, not significant. MLV, meningeal lymphatic vessel; FITCD, fluorescein isothiocyanate (FITC)-dextran; TS,

transverse sinus; COS, confluence of sinuses.

=0.001 between 6-month-old rats without and after PBM;
x?2 test = 0.706, ns between 24-month-old rats with and
without PBM, n = 8 in each group) (Fig. le).

A reduced CSF drainage and an increased ICP due to
excessive fluid accumulation in the brain are important fac-
tors in GBM progression [38]. Therefore, in the next step,
we studied changes in ICP and brain water content during
GBM growth, as well as the effects of PBM on these param-
eters in rats of different ages with GBM. Fig. 1d,f show that
6-month-old rats demonstrated lower GBM-induced ICP
and brain water content than 24-month-old animals (ICP:
59.5 &£ 7.1 mmHg vs. 90.5 £ 6.9 mmHg, p < 0.001 be-
tween 6- and 24-month-old rats; brain water: 88.4 + 5.4%
vs. 104.3 £ 5.8%, p < 0.01 between 6- and 24-month-old
rats, n = 10 in each group). Notably, PBM improved these
parameters of CSF drainage in young but not in adult rats
(ICP: 27.3 £ 3.0 mmHg vs. 59.5 £ 7.1 mmHg, p < 0.001

between 6-month-old rats with and without PBM and 89.8
+ 2.3 mmHg vs. 90.5 £ 6.9 mmHg, not significant (ns)
between 24-month-old rats with and without PBM; brain
water: 76.2 + 2.8% vs. 88.4 4+ 5.4%, p < 0.05 between 6-
month-old rats with and without PBM and 103.0 4 4.6 vs.
104.3 £ 5.8, ns between 24-month-old rats with and with-
out PBM, n = 10 in each group) (Fig. 1d,f). There were no
differences in ICP and brain water content in healthy rats
from the two age groups (ICP: 8.3 £ 1.4 mmHg vs. 9.1
+ 1.9 mmHg, ns between 6- and 24-month-old rats; brain
water: 72.1 & 9.8% vs. 69.9 4+ 4.9%, ns between 6- and
24-month-old rats, n = 10 in each group) (Fig. 1d,f).

Thus, PBM improves resistance to GBM development
in 6-month-old but not in 24-month-old rats through stim-
ulating effects on CSF drainage, which are manifested in a
decrease in ICP and in water accumulation in brain tissues.
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Fig. 3. Age differences in the PBM effects on proliferation and apoptosis of GBM cells. (a) Representative images of the staining

hematoxylin and eosin (H&E) analysis of brain tissues from the tested groups, including 6- and 24-month-old healthy rats, rats with

GBM without and after PBM; (b—e) representative images of the immunohistochemistry (IHC) analysis of the expression of markers
of proliferation (Ki67, (b)) of GBM cells as well as intrinsic (Bcl-2-Associated X protein (Bax), P53, (c,d)) and extrinsic (CD95, (e))
apoptosis. The quantitative analysis of immunopositive cells (shown in brown) expressing Ki67, Bax, p53 and CD95 is presented in

Table 1.

Age Differences in the Stimulating PBM Effects on
Lymphatic Removal of FITCD: the Role of the MLV
Network

To answer the question what is the role of brain
drainage in resistance to GBM development, we studied
the survival of rats with GBM after removal of dcLNs,
which are the first anatomical station for CSF collection
[39]. Fig. le illustrates that before the blockade of CSF
outflow from the brain, young rats were more resistant to
the GBM development than adult ones (2 test = 3.677, p
= 0.05 between 6- and 24-month-old rats before removal
of dcLNs; n = 8 in each group), after removal of dcLNs,
mortality in 6-month-old rats increased sharply (x? test =
24.161, p = 0.001 between 6-month-old rats before and af-
ter removal of dcLNs), which equalized their chances of
survival vs. 24-month-old rats (y? test = 0.791, ns between
6- and 24-month-old rats after removal of dcLNs, n = 8 in
each group). The survival among adult animals also de-
creased after the removal of dcLNs (2 test = 6.249, p =
0.01 between 24-month-old rats before and after removal
of dcLNs, n = 8 in each group).

Since MLVs play a key role in CSF drainage [16—
23,40,41], we hypothesized that a higher survival rate in
6-month-old rats compared to 24-month-old animals might
be due to age-related differences in the MLV network. To
address this question, we evaluated the LYVE-1 + vessels
covered the main venous sinuses (the transverse sinus (TS)
and the confluence of sinuses (COS)) as well as lymphatic
removal of FITCD from the right lateral ventricle in healthy
rats of both ages (Fig. 2a,b). Fig. 2a,c clearly show that
there were more LYVE-1 + vessels in 24-month-old rats
than in 6-month-old animals (25.925 4+ 0.66 a.u vs. 17.15
+ 0.6 a.u,, p < 0.001, n = 8 in each group). However, lym-
phatic removal of FITCD was decreased in adult rats com-
pared with young ones suggesting CSF reduction in healthy
24- vs. 6-month-old rats (0.68 £+ 0.16 a.u. vs. 2.675 £+
0.18 a.u., p < 0.001 between 6- and 24-month-old rats, n
= 8 in each group) (Fig. 2d,e). These facts, which at first
glance seem contradictory, explain the results presented in
Fig. 2a. Despite the fact that the representation of the LIVE-
1 + vessels is higher in 24-month-old rats around TS/COS,
we observed lymphatic hyperplasia in adult animals that are
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Fig. 4. Age differences in the PBM effects on the brain immune response to the GBM growth. (a) Representative images of the
CD8+ T cells presence in the GBM center and border as well as in the meninges in 6- and 24-month-old rats without and after PBM.
(b) Representative images of the CD8+ T cells presence in deep cervical lymph nodes (dcLNs) in 6- and 24-month-old rats without and
after PBM. The magnified images show the results of maximum intensity projection on a Z-stack of 10-15 focal planes in depth. (c,d)
Quantitative analysis of the intensity of the fluorescent signal from the CD8+ T cells in GBM center (c) and in dcLN (d); n =5 in each
group, *, p < 0.05; *** p < 0.001, the ANOVA test with the post hoc Duncan test. ns, not significant.
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Table 1. The expression of markers of proliferation and apoptosis (%).

Markers 6m 24m 6mGBM,noPBM 6mGBM+PBM 24 m GBM, no PBM 24 m GBM + PBM
Ki67 - - 60.7 + 8.1 11.43 £ 2.44 fit 90.31 + 4.40 *** 78.02 £ 9.35 ***
Bax - - 10.01 £ 1.2 73.23 £ 6.10 fit - -

p53 - - 19.12 £ 2.5 51.08 £ 3.93 fit - -

CD95 - - - 95.51 +£1.21 - 62.22 £+ 4.00 ***

*k% 1 < 0.001 between age groups; T, p < 0.001 between GBM without and after PBM; n = 8 in each group; the Welch’s ¢ test.

considered as an indicator of reduced CSF drainage [23].
This fact is supported by the results of photostimulation of
MLYVs, which showed an increase in the lymphatic excre-
tion of FITCD from the brain to dcLNs only in 6-month-old
rats and the absence of such effects in 24-month-old animals
(5.8 +0.15au. vs. 2.675 £ 0.18 a.u., p < 0.001 between
6-month-old rats with and without PBM, 0.425 4+ 0.07 a.u.
vs. 0.68 = 0.16 a.u., ns between 24-month-old rats with and
without PBM, n = 8 in each group) (Fig. 2e).

The results of this series of experiments clearly show
that age-related changes in MLVs and CSF drainage may be
the cause of attenuated resistance to the GBM development
and sensitivity to PBM in 24- vs. 6-month-old rats.

Age Differences in the PBM Effects on Proliferation
and Apoptosis of GBM Cells

The histological analysis revealed that in both age
groups without PBM, GBM was represented by tumor tis-
sue with extensive hemorrhages and necrosis. The tumor
contours were not clear. Furthermore, high cell density in
the field of view and mitoses were found in tumor cells
(Fig. 3a). After PBM, in both age groups, GBM had clearer
boundaries with brain tissue, the tumor was more localized,
there were no hemorrhages, GBM cells were located more
sparsely and had dystrophic damage. The mitoses were not
detected in GBM cells (Fig. 3a).

The IHC analysis revealed the high expression of a
marker of proliferation Ki67 in rats with GBM that was
more pronounced in 24-month-old rats vs. 6-month-old an-
imals (Table 1, Fig. 3b). Expression of intrinsic apoptosis
markers (Bax and P53) was weakly expressed in 6-month-
old rats with GBM and was absent in 24-month-old rats
(Fig. 3¢,d). In young rats with GBM, PBM significantly
suppressed the expression of Ki67 which was associated
with an increase in intrinsic and additional stimulation of
extrinsic pathways of apoptosis (Table 1, Fig. 3b—e). In con-
trast to young rats, in adult rats, PBM had weak effects on
the Ki67 expression and stimulated only intrinsic apoptosis
(CD95) (Table 1, Fig. 3b—e).

These results indicate age-related differences in the
molecular mechanisms of the therapeutic effects of PBM,
which are most effective in young rats and weakly mani-
fested in adult animals.

Age Differences in the PBM Effects on Immune
Response to GBM Growth

The cytotoxic CD8+ T cell infiltration is a crucial
mechanism responsible for maintaining resistance to GBM
progression [42]. The activated CD8+ T cells by infiltrat-
ing into the tumor stimulate in GBM cells the apoptosis pro-
viding suppression of tumor growth [39,43,44]. However,
GBM is characterized by the limitation of CD8+ T cells in
the tumor region [45,46]. This immune suppression is as-
sociated with peritumoral edema preventing the migration
of CD8+ T cells and the lack of signaling molecules for ac-
tivation of its generation in the cervical lymph nodes [46].

Since PBM was found to increase CSF drainage, the
effects of PBM on the immune response to GBM growth
were studied by assessing the presence of CD8+ T cells in
the tumor. Fig. 4a,c clearly demonstrates that without PBM,
the CD8+ T cells were found only at GBM border, while af-
ter PBM, the number of CD8+ T cells in the tumor center
and, especially in the meninges increased significantly in 6-
month-old rats and weakly in 24-month-old animals (63.4
+4.2vs. 15 £ 2.5, p < 0.001 between 6-month-old rats
with and without PBM; 27.3 £2.0vs. 10.7 + 5.1, p < 0.05
between 24-month-old rats with and without PBM, n= 5 in
each group). Similar therapeutic dynamics were observed
in the lymph nodes, where the number of CD8+ T cells in-
creased by PBM, which was more pronounced in young rats
compared to adult animals (84.9 +£ 1.8 vs. 399 + 8.9, p
< 0.001 between 6-month-old rats with and without PBM;
322 £ 1.6vs. 15.6 + 2.3, p < 0.05 between 24-month-old
rats with and without PBM, n =15 in each group) (Fig. 4b,d).
These results indicate more effective photostimulation of
immune response in 6-month-old rats than in 24-month-old
animals.

Discussion

This study investigated the role of MLVs in age differ-
ences in resistance to GBM and sensitivity to the therapeu-
tic effects of PBM. The results revealed that GBM size and
survival were higher in 6-month-old rats compared to 24-
month-old animals. These data are consistent with the fact
that GBM is more common in the elderly [5]. The decrease
in the MLV functions may be one of the reasons explain-
ing age-related differences in resistance to GBM develop-
ment. Indeed, our results revealed that 24-month-old rats
exhibited lymphatic hyperplasia, which is manifested by
the proliferation of the lymphatic endothelium. Lymphatic
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hyperplasia is regarded as a compensatory mechanism re-
sponsible for functional adjustments to a decline in tissue
drainage [24]. Ahn et al. [23] confirmed that the hyperplas-
tic basal MLVs in aged rodents are associated with reduced
CSF drainage. They found that lymphatic hyperplasia is ac-
companied by lymphatic valve dysfunction in adult mice,
which has also been established in other studies [24,26—
29]. The basal MLVs in old rodents are characterized by
a dysmorphic distribution of type IV collagen and fewer
lymphatic valves compared with the basal MLVs in young
animals [24]. The expression of transcription factors that
are essential for the maintenance of the lymphatic valves,
such as PROX1 and FOXC?2, is reduced with age [23,25—
27]. Ahn et al. [23] clearly demonstrate that in young ro-
dents, lymphatic cells in the valves of the basal MLVs are
elongated and distinctly clustered, while in adult animals
they are dispersed suggesting that the aged basal MLVs en-
counter less lymph flow. Indeed, our results showed a de-
crease in brain drainage in 24-month-old rats compared to
6-month-old animals, which was determined by a lower in-
tensity of FITCD excretion from the brain to dcLNs in old
vs. young rodents.

Age-related decline in the MLV function leading to a
decrease in CSF drainage was accompanied by greater fluid
accumulation in brain tissues and higher ICP growth in 24-
vs. 6-month-old rats with GBM. The lymphatic endothe-
lium of MLVs is a target for the therapeutic effects of PBM
[16—19]. In our previous studies on young mice and rats,
it was found that PBM stimulates contractility of the lym-
phatic vessels and increases lymph flow in them, leading to
an increase in drainage and removal of CSF-dissolved com-
pounds from brain tissues [ 16—19]. Since 24-month-old rats
showed morphological changes in MLVs, which was ac-
companied by a decrease in their functions, adult rats were
insensitive to phototherapy of GBM. Thus, in 6-month-old
rats with GBM, PBM effectively improved water content in
brain tissues and ICP, while in 24-month-old animals such
effects were absent.

There is emerging evidence that MLVs and associ-
ated with them cervical lymphatics play an important role
in the regulation of immune responses to the GBM growth
[14,15,42,47-49]. It is discussed that stimulation of the
MLV functions and brain drainage may represent an ad-
vance in suppressing brain tumor growth [14,15,42,47-49].
Indeed, our data showed that the preservation of the MLV
functions in 6-month-old rats with GBM was accompanied
by internal apoptosis in GBM cells, which was completely
absent in 24-month-old rats. The level of GBM cell pro-
liferation was lower in young rats compared to adult ani-
mals. At the same time, PBM significantly increased inter-
nal and additionally activated external apoptosis, which was
accompanied by an effective decrease in GBM cell prolif-
eration in 6-month-old rats. Unlike young rats, in adult an-
imals, PBM stimulated only internal apoptosis and weakly
reduced GBM cell proliferation.

By stimulating the brain’s drainage, PBM improves
the migration of protective CD8+ leukocytes from the cer-
vical lymph nodes to GBM tissue [15]. We assumed that
effective brain drainage contributes to the optimization of
immune responses against GBM due to improvements in
the microenvironment of the tumor and compensation of
CSF outflow. Indeed, despite the fact that the CD8+ T cells
were detected exclusively at the tumor margins in rats of
both ages, the number of these cells in dcLNs was greater in
6- vs. 24-month-old rats. Note that PBM significantly im-
proved migration of the tumor-infiltrating cytotoxic CD8+
T cells to GBM center in young, but not in adult rats. Our
results indicating a CD8+ protective leukocyte deficiency in
GBM tissue before PBM are consistent with data from other
researchers [45,46]. There is strong evidence that increased
proliferative activity of the CD8+ T cells associated with a
suppression of the Ki67 expression is a favorable prognos-
tic factor for survival in patients with cancer [50]. This is
explained by the fact that the CD8+ T cells produce anti-
tumor antibodies supporting antitumor immune responses
[42,51].

The lack of desired photo effects on immune responses
in 24-month-old animals may also be explained by a de-
crease in immunoreactivity with age. The immune system
undergoes gradual decline with aging leading to a decrease
in the production of lymphocytes and accordingly to im-
paired capacity of the immune system to react to foreign
antigens [6,7]. This age-related impaired lymphocyte func-
tion imposes a barrier to the therapy of GBM in the elderly
[12,13].

Thus, the preservation of the MLV functions in 6-
month-old rats compared to 24-month-old animals is ac-
companied by their higher survival rate and resistance to
the GBM progression, as well as higher sensitivity to pho-
tostimulating effects on lymphatic drainage and protective
immune responses of the brain.

Our studies of age differences in resistance to the
GBM progression and sensitivity to PBM are limited to us-
ing rats of only two ages (6 and 24 months of age). Taking
into account the gradual decrease in the MLV functions with
age and their important role in the resistance to the devel-
opment of GBM, the study of the correlation between age-
related changes in the MLV functions and the effectiveness
of photo-therapy of GBM will significantly expand the un-
derstanding of the mechanisms of PBM at different stages
of ontogenesis. The effectiveness of the therapeutic effects
of PBM is increased during sleep due to the night activa-
tion of the brain’s drainage [15,18,52,53]. Since aged rats
are not sensitive to the PBM effect on GBM, it is logical
to assume that the use of PBM in sleeping aged rats may
partially increase the therapeutic effects of PBM in this age
group, which requires further research.
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Conclusions

In sum, the results of this study clearly demonstrate
that the aging brain is accompanied by a decline of the MLV
functions leading to a reduction of CSF drainage. These
age-related changes are associated with a decrease in resis-
tance to GBM development and sensitivity to the therapeu-
tic effects of PBM in 24- vs. 6-month-old rats. Indeed,
PBM effectively stimulates the excretion of excess fluid
only from the brain of young rats with GBM leading to a
decrease in ICP. These therapeutic effects of PBM signif-
icantly increase survival and protective immune responses
to GBM development in young rats but not in adult animals.
Thus, PBM might be a promising and non-invasive method
for suppression of GBM growth by photo-stimulation of
the MLV functions that is significantly limited in the aging
brain.
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